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This thesis project was focused on the preparation Pt and PtRu alloy nanoparticles by 
microwave dielectric heating and their characterization. The nanoparticles were 
subsequently dispersed on carbon, or assembled on gold, and used as electrocatalysts 
in room temperature methanol oxidation reactions.  
 
Microwave heating was combined with a phase transfer process to produce stable 
thiolated Pt and PtRu alloy nanoparticles. The nanoparticles contained more than 80 
atomic % of the fully reduced metal (Pt (0) and Ru (0)), and some Pt (IV) and/or Ru 
(IV). The nanoparticles were nearly spherical when examined by transmission 
electron microscopy (TEM). The thiolated nanoparticles were stable in toluene for 
more than 10 months. Particles of sizes from 1.9+0.4 nm to 7.4+0.9 nm with narrow 
size distribution could be easily obtained by adjusting the pH and the concentration of 
the metal precursor solution, and the time for microwave dielectric heating. 
 
Pt and PtRu alloy nanoparticles were dispersed on Vulcan XC-72 carbon and 
thermally treated to remove the stabilizing organic shell. TEM examinations showed 
that the nanoparticles remained highly dispersed on carbon without significant 
changes in the particle size. All Pt and PtRu catalysts (except Pt23Ru77) showed the X-
ray diffraction pattern of a face-centered cubic (fcc) crystal structure, whereas the 
Pt23Ru77 alloy was more typical of the hexagonal close packed (hcp) structure. X-ray 
photoelectron spectroscopy (XPS) in the S 2p region confirmed the complete 
obliteration of the thiol species from the Pt surface after the heat treatment. The 
electrooxidation of methanol on these catalysts was studied by voltammetry and 
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chronoamperometry in acidic electrolyte (1 M H2SO4). The electrochemical 
performance of the heat-treated catalysts was expectedly higher than the non-heat-
treated ones. The heat-treated PtRu/C was more active than Pt/C, with Pt52Ru48/C 
showing the best electrocatalytic activity. 
 
Pt and PtRu alloy nanoparticle films on gold substrate were obtained by the cross-
linking reaction between hexanedithiol (HDT) and the thiol groups on the 
nanoparticles, followed by the chemical reaction between the remaining free thiol 
groups on the particles and the gold surface. The nanoparticle loading and the 
assembly of nanoparticles on gold was monitored by a quartz crystal microbalance 
(QCM). The Pt and PtRu alloy nanoparticle film exhibited high electrocatalytic 
activity in the room temperature oxidation of liquid methanol in alkaline electrolyte 
(0.5 M KOH) according to electrochemical quartz crystal microbalance (EQCM) 
measurements. The frequency (mass) changes that occurred during the voltammetric  
runs were caused by a number of events: methanol dehydrogenation, strong 
chemisorptions of methanollic residues, oxidation of the gold substrate and its 
reduction in the reverse scan, and oxygen evolution. XPS measurements confirmed 
the presence of the sulfur end groups on the surface of the assembled Pt nanoparticles 
and the partial removal of the sulfur groups during methanol oxidation.
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CHAPTER 1 INTRODUCTION 
Pt and Pt alloys are catalytically active in room temperature electro-oxidation 
reactions of interest to fuel cell applications. The preparation of catalytic metal 
particles in the nanometer range is motivated by the gain in metal utilization and the 
potential enhancement in catalytic properties due to quantum size effects. There is 
definitely a cost incentive to render Pt into nanoparticular form to increase the 
catalytically active surface area on a unit weight basis. Furthermore, the catalytic 
activity has also been found to depend strongly on the particle shape, size, and size 
distribution. Conventional preparation techniques based on wet impregnation and the 
chemical reduction of metal precursors do not provide satisfactory control of particle 
shape and size. Consequently alternative synthesis methods based on microemulsions 
[1], sonochemistry [2] and microwave irradiation [3] have been increasingly used in 
recent years for nanoparticle preparation because of their ability to generate particles 
and clusters with greater uniformity. Among these synthesis methods, microwave 
irradiation is particularly known for its energy efficiency and the ease of use. For 
example, microwave heating has been used to successfully produce nearly spherical 
polymer stabilized pla tinum nanoparticles [4].  
 
Currently, most Pt nanoparticles used as catalysts are supported on carbon, leveraging 
on the good electrical conductivity of the latter to conduct electrochemical reactions. 
A significant increase in particle size is often associated with a higher metal loading, 
as was observed for some E-TEK Pt/C catalyst [5] – the Pt particle size was 2.0 nm 
for 10 wt% Pt catalyst but increased to 3.2 nm and 8.8 nm for the 30 and 60 wt% 
catalysts respectively. Most studies [6] have underlined the difficulty of obtaining 
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platinum catalysts with high metal loadings (>20 wt %) and small particle sizes (1-2 
nm) by conventional methods.  
 
Recently, Zhong et al [7] reported electrochemical quartz crystal microbalance 
(EQCM) measurements of the electrocatalytic oxidation of methanol on Au and AuPt 
alloy nanoparticles. In that work, thiolated Au or AuPt nanoparticles were attached to 
Au or glassy carbon substrates to form nanoparticle films using an “exchange-
crosslinking process”. Methanol oxidation was found to occur concurrently with Au 
oxidation in these films, confirming the earlier claim of dramatic changes in catalytic 
properties and reactivities from almost inert bulk gold metal to gold nanoparticles by 
Haruta [8]. Surprisingly despite the more no table catalytic activity known for Pt, there 
are very few EQCM studies on the catalytic behavior of Pt nanoparticles film for 
methanol electrooxidation. It is the purpose of this work to fill that apparent void. 
 
In this thesis study, a simple and rapid synthesis of Pt and PtRu nanoparticles in 
ethylene glycol (the “polyol” process) by microwave heating is reported. Conductive 
heating is often used for the polyol process but microwave heating should be a better 
synthesis option in view of its energy efficiency, speed, uniformity, and simplicity in 
execution [9]. The microwave-assisted preparation facilitated the formation of nearly 
spherical platinum nanoparticles with a narrow size distribution. Through a phase 
transfer procedure the metal nanoparticles were extracted from ethylene glycol to 
toluene, and were capped with dodecanethiol (DDT) to form a stable nanoparticles in 
which the oxidation of the Pt nanoparticle surface could be minimized. The Pt 
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nanoparticles in toluene were easier to handle than they were in ethylene glycol 
because of the low viscosity and high volatility of toluene.  
 
The as-synthesized DDT-stabilized Pt nanoparticles were then used as electrocatalysts 
for the room temperature oxidation of methanol in two forms: as a supported catalysts 
system on Vulcan carbon, or as an assembly system on gold. For the former Pt and 
PtRu nanoparticles were first deposited at room temperature on Vulcan carbon, and 
subsequently a thermal treatment was applied to remove the stabilizing organic shell.  
 
For the assembly of Pt and PtRu alloy nanoparticles on gold, the “exchanging-
crosslinking-assembly” method involving the use of hexanedithiol (HDT) was 
adopted. The bifunctional thiolate groups on the Pt nanoparticles enabled extensive 
cross- linking between the particles, and the assembly of Pt nanoparticle films on an 
Au substrate. The nanoparticle loading in this assembly system was monitored by 
QCM. The electrocatalytic oxidation of methanol on Pt and PtRu nanoparticles was 
investigated by EQCM. 
 
1.1 Objectives 
The objectives of this research projects are: 
• To synthesis Pt and PtRu nanoparticles of uniform size by means of 
microwave heating. The scientific issues involved in nanoparticle preparations were 
investigated through systematic changes in the synthesis conditions, and extensive 
characterization of the structure, morphology and physicochemical properties of the 
nanoparticles. 
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• To prepare carbon-supported nanoparticle systems to be used as 
electrocatalysts in direct methanol fuel cells (DMFC). 
• To study the assembly of the metal nanoparticles on Au substrate, and its 
electrocatalytic properties for methanol oxidation reactions.  
 
1.2 Organization of the thesis 
Chapter 2 provides a succinct review of the syntheses and characterizations of 
nanoparticles, carbon supported Pt and PtRu alloy nanoparticles, and the assembly of 
metal nanoparticles on gold.  
 
Chapter 3 discusses the general aspects in the experimental work of this project. 
Operational details such as common preparative steps, and the methods of 
characterizations are covered here. 
 
Chapter 4 presents and discusses the major findings in this work. It is divided into 
three major sections. Section 4.1 focuses on the synthesis of Pt and PtRu alloys 
nanoparticles; and the morphology, optical and chemical properties of these particles. 
Section 4.2 is dedicated to the discussion of Vulcan carbon-supported Pt and PtRu 
systems and the effects of heat treatment, particle size, ruthenium presence, and 
methanol concentration on methanol oxidation reactions. Section 4.3 describes the 
assembly of organic stabilized Pt and PtRu alloy nanoparticles on gold. The chemical 
and electrochemical properties of the self-assembled systems in methanol oxidation 
reactions are thoroughly investigated. 
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Chapter 5 is the conclusion of this research project.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Definitions  
In modern colloid chemistry, nanoparticles are generally defined as particles of [10]: 
 
• 1-10nm in diameter; 
• Well defined composition; 
• <15% variation in size (“nearly-monodispersed”); 
• Reproducible syntheses; 
• Clean surfaces. 
 
These nanoparticles elicit considerable interest because their optical, electronic, 
magnetic, catalytic and other physical properties can be significantly different from 
the properties of the bulk as a result of surface and quantum size effects. When a bulk 
metal is reduced to the size of a few hundred atoms, the density of states in the 
valence and conduction band would decrease to such an extent that the electrons are 
confined to spaces within a few atom-widths across, giving rise to a dramatic change 
in electronic properties (quantum size effects [11]). Quantum effects give rise to 
discrete charging of metal nanoparticles (one electric charge at a time) at specific 
voltages, or “coulombic staircase” behavior [12]. 
 
The atoms on the surface of nanoparticles do not necessarily order themselves in the 
same way as those in the bulk [13]. The surface atoms have fewer neighboring atoms, 
more unsatisfied metallic bond, and a more anisotropic distribution. Table 2.1 shows 
the percentage of surface atoms in a particle as a function of size [14]. It is clearly that 
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the smaller the particle, the higher is the percentage of surface atoms. Taking copper 
nanoparticles for example [14], Table 2.2 shows the drastic increase in surface energy 
per nanoparticle. The excess potential energy of the surface atoms suggests increased 
reactivity relative to the bulk.  This is the reason why nanoparticles are believed to be 
more catalytically active than the bulk catalysts. 
Table 2.1 Percentage of surface atoms as a function of particle size. 
Particle diameter 
(nm) 
Number of atoms per particle Surface atom 
(%) 
50 1.5x107 5 
10 1.3x105 25 
5 1.6x104 50 
3 3.4x103 83 
2.5 2.0x103 100 
 











Ratio of surface 






























A key interest in nanoscience research is the rational, reproducible nanoparticle 
syntheses with a good control of the size, shape, dispersity, surface and overall 
compositions so that the resultant optical, electronic, magnetic, catalytic and other 
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2.2 Historical development of nanoparticles  
Synthesis of nanoparticles can be traced back to the fifth-century, where gold 
nanoparticles known as aurum potabile were found in Lycurgus chalice, Rome. In 
1858, Michael Faraday postulated that the color of ruby glass, as well as his aqueous 
solution of gold (mixed with SO3 or phosphorous) was due to finely divided gold 
particles [11]. He observed reversible color changes of the films upon mechanical 
compression. The films appeared green under pressure, like thin continuous gold 
films, but became bluish-purple when the pressure was released, resembling more the 
color of the wine red solutions of the particles. Later, gold nanoparticles were used to 
label biological material, e.g., enzymes, antibodies etc, to allow the latter to be 
detected by scanning electron microscopy and UV-visible spectroscopy [10].  
 
In most cases nanoparticles are electrostatically or sterically stabilized in a solution, 
and it is generally not possible to isolate them as a pure product without significant 
irreversible particle coalescence and uncontrolled aggregation. In such cases the 
primary concern is the chemical stability of the particles against degradation 
processes such as partial oxidation or sintering of the particles. The lack of sufficient 
stability of many nanoparticle preparations has to some extent impeded the 
development of real world applications of nanomaterials. It has also probably been the 
reason why gold as a relatively inert metal has played an important role in the 
pioneering experiments performed mainly by Schmid and co-workers [15, 16, 17], 
who over the last 20 years, have been able to study single particles, quantum dot 
solids based on ligand-stabilized Au55 clusters (Figure 2.1).  
 




Figure 2.1. A single, polycrystalline gold nanoparticle obtained by Schmidt et al [11]. 
 
The stability of nanoparticles has been improved by the development of thiol-
stabilized gold, and to some extent silver nanoparticles, from which new opportunities 
for fundamental and applied studies have arisen. The first report of thiol-stabilized 
gold nanoparticles appeared ten years after Nuzzo and Allara's seminal 1983 paper on 
self-assembled monolayer (SAM) of organosulphur compounds on gold surfaces [18]. 
In that study, gold particles in the form of a hydrosol were capped with alkanethiols to 
render them soluble in a non-polar solvent. TEM study revealed that these gold 
nanoparticles form two-dimensional hexagonal superlattices in a fully reversible 
deposition process. In 1994, a simple two-phase preparative method for larger 
amounts of thiol-stabilized gold particles was reported by Brust et al [1]. This method 
effectively synthesized monodispersed, stable thiol-encapsulated particles a few nm in 
size in organic solutions. The success of the two-phase phase synthesis method has 
seen this method fast becoming a popular starting point for a broad range of 
nanoparticle studies. Further modifications and processing are a possibility, resulting 
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in a variety of chemically tunable or reactive nanoparticles that address the issues of 
size, shape and surface properties. 
 
2.3 Mechanism and kinetics of nanoparticle formation 
The formation of nanoparticles is the result of redox reactions in which electrons from 
a reducing agent are transferred to the ionic metal precursor, according to the 
following chemical reaction [19]: 
 
nOxmMedRennmMe +®++ 0                                                                          (2.1) 
Where Me: Metal; Red: Reducing agent; Ox: Oxidizing agent.  
 
 
The driving force for the reaction is the difference between the redox potentials of the 
two half cell reactions, ?E=EMe-ERed. Reduction is thermodynamically feasible only if 
?E>0. Thus, strongly electropositive metals, e.g., Au, Pt, Ag (E>0.7V) can readily 
react with mild reducing agent [19]. 
 
The LaMer’s mechanism, which was used to explain sulfur (Sn) sol formation, may 
also be used for nanoparticle formation in general [9]. Particle formation according to 
this mechanism proceeds via two principal routes: (1) the rapid, burst nucleation of 
individual (sulfur) atoms to form (sulfur) nuclei from a supersaturated solution; (2) 
the diffusive, agglomerative growth of nuclei to large (sulfur) particles. LaMer’s 
mechanism of sol formation can be presented by the following equations: 
 
 




(2.3)                                                                                  :  Growth    









LaMer’s burst nuc leation is seldom observed in practice. Most nucleation processes 
are slow, continuous and homogeneous. The growth of particles is largely 
accomplished by diffusive agglomeration, which results in the formation of non-
uniform particles. In order to obtain nearly-monodispersed nanoparticles, fast 
nucleation rate and kinetically controlled surface (autocatalytic) growth are essential. 
Fast autocatalysis is able to separate nucleation and growth in time, a requirement to 
achieve size-dispersity control in nanoparticles systems [10]. 
 
2.4 Methods of preparation 
The preparation of metal nanoparticles with desired particle size and shape remains a 
significant challenge. The current methods of preparation can be classified into three 
broad categories: 
 
• Mechanical diminution  
• Vapor deposition 
• Chemical synthesis (solution chemistry) 
 
The mechanical diminution method is a “top-down” approach whereby the size of a 
bulk metal is mechanically reduced to the nanoscale dimension. It is the least used 
method because of its inability to produce clean nanoparticles; surface contamination 
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and materials handling are mostly to blame. In addition, there is a size limit to this 
brute force approach and the particle size distribution is generally rather broad. 
 
Vapor deposition and chemical synthesis are “bottom-up” techniques whereby 
nanoparticles are obtained from a suitable metal precursor. Deposition can either be 
physical or chemical in nature. In chemical vapor deposition (CVD), the chemical 
reaction between a volatile metal precursor and a gaseous co-reactant is used to 
produce a non-volatile deposit on suitably placed substrate. Vapor deposition is 
mostly adopted at producing thin films of uniform compositions. 
 
From practical perspectives, the solution chemistry approach is the most convenient 
and economically viable, because it can yield a large variety of particle characteristics 
by simply varying experimental parameters such as reactant concentrations, 
temperature, pH, and the addition of seeds and stabilizers; all without the need for 
expensive facilities. 
 
Conventional solution chemistry techniques, such as chemical reduction, wet 
impregnation (followed by H2 reduction), long reflux, and others do not provide 
satisfactory control of particle shape and size [20]. Consequently, there are alternative 
methods based on microemulsions [21], sonochemistry [22], microwave irradiation 
[3], all of which have the potential to produce nanoparticles with greater uniformity. 
The following sections will provide a short critique of some of the more commonly 
used solution-based synthesis methods reported in the open literature. 
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2.4.1 Chemical reduction 
Turevich and co-workers reported the preparation of gold [23] and palladium [24], 
using sodium citrate as both the reducing agent and the stabilizer for the nanoparticles. 
Today, preparation of nanoparticles by chemical reduction (especially with sodium 
citrate) has become the most commonly used method. Metal nanoparticles of different 
shapes and sizes can be obtained by adjusting the metal precursor concentration, the 
reducing agent concentration, and the stabilizing agent to nanoparticles ratio, with 
great ease and simplicity in implementations.  
 
Nanoparticles of many noble metals can be obtained by citrate reduction, for 
examples Ag from AgNO3, Pt from H2PtCl6, and Pd from H2PdCl4. The 
commonalities in the preparation of these different metal nanoparticles allow the 
synthesis of mixed-metal nanoparticles, which may have functionality different from 
the individual metal. For example, the reduction of suitable mixtures of noble metal 
salts can lead to “alloy” or “mixed-grain” nanoparticles. More interestingly, 
composite nanoparticles with core-shell structures can be prepared by first 
synthesizing a small colloidal nuclei followed by the enlargement of the core with a 
different metal [25]. 
 
Alternatively, borohydride, hydrazine and others reducing agents are also widely used. 
The borohydride reduction of H [AuCl4] in the presence of (g-mercaptopropyl)-
trimethoxysilane gives rise to 1~5 nm gold nanoparticles, which bear surface silane 
functionality [26]. Other borohydride reductions in the presence of thiols have 
produced nanoparticles with a surface functionality varying from amines to carboxylic 
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acids. Tan et al [27] reported the formation of Ag nanoparticles in hexagonal shape 
with hydrazine as the reducing agent and aniline as the stabilizing agent.  
 
Chemical reduction in aqueous solutions is therefore one of the most direct and 
simple methods for metal nanoparticle preparation. However, the aqueous medium in 
which nanoparticles live on may generate surface oxides or a hydrated surface under 
appropriate conditions. Except for a few instances, this method still lacks a good 
control of particle size and size distribution [28]. Continuing refinement of this 
technique is still therefore an on-going effort. 
 
One of the most representative pioneering works in improvement of chemical 
reduction method was the “two-phase synthesis” by Brust and co-workers [1]. It 
involved the phase transfer of an anionic AuIII complex from the aqueous to organic 
solution in a two-phase liquid/liquid system, followed by chemical reduction with 
sodium borohydride in the presence of a thiol stabilizing agent. Dark brown solutions 
of moderately polydispersed particles in the size range of 1–3.5 nm containing 
between 100 and 3500 gold atoms could be obtained, depending on the reaction 
conditions. The typical ruby red-color of colloidal gold emerges with particle sizes 
above ca. 3.5 nm. This is due to the plasmon absorption by the free electron gas which 
is absent in smaller particles. Detailed studies of particle shape revealed that the 
truncated cuboctahedron is the predominant structural motif, but other geometries 
such as decahedra, dodecahedra and icosahedra were also present in the same 
preparation. The particles could be purified and stored in the solid state under ambient 
conditions for months without showing significant aging effects.  
 




2.4.2 H2 reduction 
Pt nanoparticles obtained from the hydrogen reduction of Pt (II) and Pt (IV) 
precursors were reported as early as 1941 [29]. The procedure is fairly simple: a Pt (II) 
or Pt (IV) salt is dissolved in water and aged overnight and hydrogen is bubbled 
through the solution. The hydrogen reduction method is now experiencing a 
renaissance especially in the preparation of shape-selective Pt nanoparticles. El-Sayed 
and co-worker reported the shape-selective synthesis of cubic (80%) and tetrahedral 
(60%) polyacrylate-protected Pt nanoparticles by reducing aged aqueous K2PtCl4 
solutions with hydrogen [20]. However, the preparation of nanoparticles by H2 




Microemulsion is generally defined as a mixture of aqueous solution, hydrocarbon 
and stabilizing agents (such as short-chain alcohol) in the form of a 
thermodynamically stale and optically isotropic solution [31]. A transparent 
microemulsion can be formed as drople ts of oil-swollen micelles dispersed in water 
(oil- in-water (o/w) microemulsion), or water-swollen micelles dispersed in oil (water-
in-oil (w/o) microemulsion). Between the o/w and w/o microemulsions, there may 
exist bicontinuous microemulsions, where oil and water domains are randomly 
interconnected to form sponge- like nanostructures. These stabilizing agent-covered 
water or oil pools offer a unique micro-environment for the formation of nanoparticles. 
They not only act as micro-reactors for processing reactions, but also inhibit the 
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aggregation of nanoparticles by adsorption of stabilizing agents on the nanoparticle 
surface. The size of nanostructures in microemulsions may range from 5 to 70nm [32] 
and are generally monodispersed. Due to these unique nano-sized structures, and the 
promise of a better control of particle size, shape and size distribution, and chemical 
composition, microemulsion-based preparations of nanoparticles have attracted 
increasing attention. 
 
Platinum-group metal nanoparticles were first successfully synthesized in w/o 
microemulsions by Boutonnet et al [33]. Two microemulsion systems were tested: 
water/cetyltrimethylammonium bromide/octanol and water/pentaethyleneglycol 
dodecyl ether/hexane. Nearly monodispersed nanoparticles 3~5 nm in size could also 
be obtained by reducing the metal salt in the water pools of the microemulsion with 
hydrogen or hydrazine.  
 
However, there are several technical issues in the microemulsion preparations of 
nanoparticles, namely (1) the solubility of the metal salts should not be limited by 
specific interactions with the solvent or surfactants, (2) the reducing agent should 
react only with the metal salt, (3) the temperature must be carefully regulated for a 
stable microemulsion system and yet the reduction kinetics is not very slow.  
 
2.4.4 Sonochemistry  
Ultrasound offers yet another alternative for metal nanoparticle synthesis. Ultrasound 
induced acoustic cavitations, i.e., the formation and collapse of bubbles in liquid, 
results in high local temperatures and hence rapid reactions. However, metal 
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nanoparticles prepared by sonochemical reduction generally have broader size 
distributions. Some control of the particle size and size distribution include the use of 
different initial metal concentrations and surfactant types. 
 
Generally, there are three regions in an aqueous sonochemical reacting system: (1) 
inside of the collapsing cavitation bubbles where high temperature (several thousands 
of degrees) and high pressure (hundreds of atmospheres) are produced [34]. Here 
water vapor is pyrolzed into H atoms and OH radicals. (2) The interfacial region 
between cavitation bubbles and the bulk solution where the temperature is lower than 
the inside cavitation bubbles but is still high enough for thermal decomposition of the 
solutes to occur. In addition, the concentration of local OH radicals is also very high 
in this region [2]. (3) The bulk solution at ambient temperature where reactions of 
solute molecules with OH radicals or H atoms, which escaped from the interfacial 
region, take place.  
 
It has been reported that stabilizing agents and alcohols are pyrolyzed at the 
interfacial region and reducing radicals are produced. Nagata et al suggested .CH3 
and .CH2R as the major radical species from the pyrolysis of stabilizing agents (e.g., 
dedecryltrimethylammonium chloride, poly (vinyl-pyrrolidone) and alcohols [35]. 
These radicals contribute to the increase in the rate of metal ion reduction in the 
presence of stabilizing agents or alcohols [2]. Stabilizing agents are normally 
nonvolatile and the reaction of these stabilizing agents in the cavitation bubbles may 
be excluded. Reaction mainly occurs at the interfacial region where the surfactants are 
sufficiently accumulated.  A similar observation was found when alcohol was added 
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to the reaction mixture. The overall mechanism for sonochemical reduction is outlined 
below:  
 
 (2.9)                                                                                                         )()(
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Nanoparticles produced by sonochemical methods in pure water are unstable and tend 
to agglomerate within a few hours in air or argon environment. However, 
nanoparticles prepared in the presence of stabilizing agents are stable and persist in 
the colloidal state for several months. 
 
2.4.5 Microwave dielectric heating 
Microwave dielectric heating is a very attractive synthesis option for several reasons: 
(1) it is fast and efficient, and offers an accurate and precisely controllable heating 
mechanism (2) hearing is homogeneous, and the temperature rise is a few order faster 
than conventional heating, (3) microwave heating is energy efficient and cost 
effective as it only involves internal heating, and any microwave transparent 
refractory insulation material is not heated. 
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The rapid temperature rise in microwave is dependent on the dielectric loss factor of 
the solvent used. The rapid heating effect of microwave is caused by superheating of 
the solvent, whereby the heating is so fast that convection to the top surface and 
subsequent vaporization are insufficient to dissipate the excess energy. Consequently, 
reactions induced by microwave heating can provide more homogeneous nucleation 
and a shorter crystallization time. However, only certain organic or inorganic solvents 
could couple well with microwave dielectric irradiation. These solvents generally 
have low molecular weights and high dipole moments, such as ethylene glycol. 
 
An ethylene glycol solution can be easily superheated to 393~443 K by microwave 
irradiation. In this temperature range, ethylene glycol decomposes; producing in-situ 
generated reducing species for the reduction of metal ions to colloidal metal. The 
same mechanism also applies to the slower and less energy efficient conductive 
heating,  
 
There has been a rise in the reported successes of using microwave irradiation to 
prepare high purity nanoparticles with very narrow size distributions. For example, 
polymer stabilized Pt, Ru, Ag and Pd nanoparticles were prepared from microwave 
heating of ethylene glycol or methanol solutions of dissolved metal salts [36, 37]. 
Syntheses of, Pt /carbon nanocomposites with microwave  promotion were also 
reported recently [3]. Other nanoparticles (e.g., ZrO2 [38], silica [39]) could likewise 








The stabilization of nanoparticles against agglomeration after their formation is an 
important issue. Adsorption of anions, (e.g. Cl-, citrate [23] for electrostatic 
stabilization) or polymers (e.g. polyvinylpyrrolidone (PVP) [4], polyvinylalcohol 
(PVA) [35], dendrimers, for steric stabilization) are common stabilization techniques. 
The stabilizers keep the metal nanoparticles in solution and reduce their sensitivity 
towards other electrolytes. The use of stabilizers does entail subsequent separation 
and purification of the nanoparticles. 
 
2.5.1 Electrostatic stabilization 
The surface of a metal nanoparticle, M (0)n, is slightly positively charged, d+, and 
anions are naturally drawn to it. The electrostatic attraction results in the formation of 
[M(0)nXm]m-n, which is overall negatively charged. The negatively charged 
nanoparticles repel each other and the suspended particle system is kinetically 
stabilized against agglomeration. This is known as electrostatic stabilization.  
 
Sodium citrate is the most commonly used reducing cum stabilizing agent in 
nanoparticle preparation [40]. The stabilization effects of citrate are strongly 
concentration dependent, affecting the size and the structure of nanoparticles formed. 
A comparison of the shape and size of Ag nanoparticles formed under low, 
intermediate and high concentrations was made by Henglein et al [30]. At the lowest 
and highest ends of citrate concentrations, dislocation, multiple twinning, staple fault, 
lamella twinning of nanoparticles were found. Nanoparticles formed in intermediate 
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citrate concentrations were almost spherical, well-separated with a narrow size 
distribution.  
 
2.5.2 Steric stabilization 
Steric stabilization is achieved by surrounding the nanoparticles by layers of materials 
that are sterically bulky, such as linear polymers and dendrimers. These large 
adsorbates provide a steric barrier which prevents close contact of the nanoparticles. 
 
Linear polymers form many of the commonly used stabilizing agents. They chemisorb 
easily on nanoparticles to deliver the steric stabilization effects. In some instances, the 
linear polymer functional groups can be modified to induce changes in the electronic 
structures of the metal nanoparticles and their surrounding [41]. Linear polymer based 
stabilizing agents may be classified into four major categories: 
 
• Oxygen-containing stabilizing agents, e.g., poly (vinyl alcohol) [42], 10-
undecanoic acid [33];  
• Nitrogen-containing stabilizing agents, e.g., tetraalkylammonium [42], poly 
(vinyl pyrrolidone) [42], poly (N-isopropylacrylamide) [43], alkylamines;  
• Sulfur containing stabilizing agents, e.g., alkanethiols [1]; 
• Phosphorus-containing stabilizing agents, e.g., poly-phosphate [44], phosphine 
[44]. 
 
Long chain alkanethiols are one of the favorite stabilizing agents, as they are air stable, 
isolable and dispersible in organic solvents [1]. Alkanethiols are also known to self-
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assemble into cross- linked structures or nanocrystalline arrays after the removal of the 
solvent [46]. Thiol-stabilized nanoparticles are prepared by first extracting the metal 
ions from an aqueous solution to an organic medium by means of a suitable phase 
transfer reagent such as tetraoctylammonium bromide. The reduction of metal ions 
(e.g., with NaBH4) is then carried out in the organic medium in the presence of thiol 
molecules. In this procedure, the attachment of thiol molecules to the metal 
nanoparticles occur simultaneously with the formation of nanoparticles to provide 
control over nanoparticle shape and size as early as possible. 
 
Dendrimers are cascade, cauliflower, or starburst molecules (Figure 2.2). Generally, 
dendrimers of lower generation tend to exist in relative open forms, whereas higher 
generation dendrimers have spherical three-dimensional structures. These geometrical 
forms are very different from the random-coil structures favored by linear polymers. 
The unique property of dendrimers is its function as both monodispersed templates 
and stabilizers.  The dendrimer-stabilized nanoparticles are very stable as dendrimers 
prevent agglomeration of nanoparticles by constraining them within their interiors. 
Dendrimers terminal groups act as a chemical handle, which facilitates surface 
immobilization. Besides, it also allows substrates to penetrate the dendrimers interior 
and access the nanoparticle surface [47]. 
 
Crooks et al reported dendrimer-encapsulated Pt nanoparticles, where Pt2+ ions were 
first loaded into hydroxyl-terminated dendrimer and then reduced by borohydride [47]. 
By using dendrimers as both monodispersed templates and stabilizing agents, the 
authors obtained stable particles and claimed full control over particle size. 
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Electrochemical tests using the oxygen reduction reaction showed that dendrimer 
entrapped Pt nanoparticles supported on an Au electrode were accessible to reactants 
in the solution and could exchange electrons with the underlying electrode surface. 
 
Figure 2.2 Schematic illustration of the preparation of hydroxyl-terminated 
dendrimers entrapped Pt nanoparticles [47]. 
 
2.6 Characterizations of nanoparticles systems  
A key objective in nanoparticle characterizations is to establish the morphology, and 
structural, optical and surface properties of the nanoparticles. Figure 2.3 provides an 
overall picture of the techniques most often used to characterize nanoparticles. The 
characterization techniques of relevant to this thesis work include Transmission 
electron microscopy (TEM), UV-visible spectroscopy (UV-vis), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), Infrared spectroscopy (IR),  Energy-
dispersive spectroscopy (EDS), and elemental analysis. 
 




Figure 2.3 Common methods available for the characterization of nanoparticles. 
 
2.6.1 Morphology  
In a nanoparticle, atoms are often packed into polygonal (2D) or polyhedral (3D) 
shapes of high symmetry and high packing efficiency such as triangular, tetrahedral, 
octahedral, cubic arrays. These structural attributes properties are most easily verified 
by TEM.  TEM uses focused electron beam imaging to provide direct and visual 
information on the size (up to atomic- level resolution), shape, dispersity, structure, 
and morphology of nanoparticles.  
 
Nevertheless, TEM has several inherent limitations, including (1) electron-beam 
induced nanoparticle structural rearrangement, aggregation or decomposition[48]; (2) 
problems in interpreting two-dimensional images of three-dimensional samples; (3) 
small sample sizes, where only finite number of nanoparticles may be examined and 
counted, which may not be representative of the sample as a whole; (4) samples must 
be dried and examined under high vacuum condition, meaning that no direct 
information is available on how nanoparticles exists in solution. Despite these 
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limitations, TEM has been the technique of choice for the initial characterization of 
nanoparticles due to its atomic- level resolution possible, speed of analysis, and 
powerful visual images that are obtained. 
 
2.6.2 Structural properties 
X-ray diffraction (XRD) is a standard technique for characterizing the crystal 
structure. XRD characterization is carried out using a monochromatic X-ray beam 
with a wavelength smaller than the distance between the ordered atoms in a lattice. 
The ordered atoms interact with the incident X-ray to produce interference patterns 
that can be used to deduce the lattice structure. X-ray diffraction can be used to 
identify unknown structures, and to infer lattice constant, geometry, orientation of 
single crystals and preferred orientation of polycrystals, defects, stresses, and etc. The 
structures of Pt and Ru nanoparticles investigated in this project were largely 
determined by XRD measurements. 
 
2.6.3 Optical measurements 
UV-visible spectroscopy is particularly effective in characterizing optical properties 
of metal nanoparticles whose plasmon resonance lie within the visible range, e.g. Au, 
Ag, and Pt. The ? max is dependent on the size and shape of the nanoparticles, as well 
as the interparticle distance [49]. Hence, the aggregation of nanoparticles can also 
detected by UV-visible spectroscopy.  
 
The broad absorption bands of metal nanoparticles are the result of plasmon 
resonance excitations and interband transitions. The spectra for dilute solutions of 
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metal nanoparticles can be modeled quite well with the Mie theory [50]. Both 
experimental [51, 52] and simulated [53] absorption spectra show a decrease in 
plasmon resonance band intensity and an increase in bandwidth (if applicable) with 
decreasing particle size. 
 
2.6.4 Physicochemical properties 
X-ray Photoelectron Spectroscopy (XPS) utilized relatively low energy X-rays so that 
only the surface layers of a solid surface are sampled. The data are shown as binding 
energies, which are unique for each element. Variations in the binding energy 
(“chemical shifts”) resulting from differences in chemical potential and polarizability 
of the compound provide useful information on the chemical state of an element. 
Hence XPS can be used to determine the surface elemental composition and the 
oxidation state of the elements on the surface in a single analysis   
 
Infrared spectroscopy (IR) uses IR radiation of the order of 1 ? m to invoke molecular 
vibrations that can be used to fingerprint the surface species. Most IR spectroscopy 
today uses Fourier-transform to improve the speed and sensitivity of the analysis. 
FTIR was used in this project to identify the stabilizers on the metal nanoparticle 
surface and their removal by thermal treatment and other chemical procedures.  
 
2.7 Application of nanoparticles in catalysis 
2.7.1 Case study I- carbon supported Pt and Pt alloys as electrocatalysts for DMFC 
One potential application of nanoparticles is in fuel cell electrocatalysis [54]. Fuel cell 
systems can be classified according to the electrolytes used into the following major 
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variants: alkaline fuel cells (AFC), phosphoric acid fuel cell (PAFC), molten 
carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC), proton exchange membrane 
fuel cell (PEMFC), and direct methanol fuel cell (DMFC). DMFC is of immense 
current research interest because of the following reasons: (1) high energy conversion 
efficiency; (2) low pollutant emission (CO2 and water); (3) fuel availability - 
methanol is an established fuel which can be easily processed from coal, petroleum, 
natural gas, and biomass; (4) ease in distribution – methanol as a liquid fuel is easier 
to store and transport than a gaseous fuel such as hydrogen; (5) high energy density of 
fuel (6.30 kWh/ kg); (6) low operating temperature (60–100 °C) and (7) fast start-up. 
These features have enable DMFC to fast becoming the preferred portable power 
source for consumer electronic products, and perhaps electric vehicles and other 
transportation applications as well [55, 56].  
 
A typical DMFC anode, where methanol oxidation occurs, contains a platinum-based 
catalyst embedded into a proton exchange membrane. Pt is highly catalytically active 
in methanol activation [54]. Methanol oxidation does not occur in a single step 
reaction, a number of intermediate steps are involved before the final product, CO2, is 
formed [57]: 
 
1. Dehydrogenation step: 
Chemisorbed methanol is progressively dehydrogenated in several one-proton-one-
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(2.12)                                                         eHCHOPtPtCHOHPt
(2.11)                                                  eHCHOHPtPtOHCHPt









2. Surface re-arrangement of methanol oxidation intermediate: 
The dehydrogenation step’s final product Pt-CHO rearranges itself to form surface 
adsorbed carbon monoxide, which is linearly or bridge bonded to Pt. 
 
 











3. Formation of Pt-OH: 
Under high anodic overpotentials, water reacts with the Pt sites to form Pt-OH. 
 
 
-+ ++®+ eHPtOHOHPt 2                                                                           (2.15) 
 
 
4. Carbon dioxide evolution: 
In the final stage, adsorbed CO and adsorbed OH interact chemically, releasing 
carbon dioxide as a product. 
 
 




                                                         (2.16) 
 
 
The oxidation of adsorbed CO species (also known as carbonaceous species) occurs 
slowly at room temperature at potentials attractive to DMFC applications but which 
are too low for step 3 to occur to any significant extent. As a result, a large amount of 
carbonaceous species is accumulated on the Pt surface, causing serious “poisoning” of 
the catalyst.  
 
The development of DMFC is hampered by the poisoning of the Pt catalyst by 
carbonaceous species. As a means to improve the CO tolerance of the catalysts, a 
transition metal is added to the Pt catalysts. A number of alloying metals have been 
proposed and bimetallic systems such as PtRu [21, 58], PtSn [59], and PtCo [60] are 
most well known. Among the proposed Pt alloy catalysts, the PtRu system is known 
to be the most active and the most CO-tolerant [61] According to the  `bifunctional 
mechanism', Ru sites favor the adsorption of oxygen-containing species at potentials 
lower than that for pure Pt. The adsorbed CO species on Pt can therefore be removed 
by an adjacent Ru site containing adsorbed OH by a reaction similar to step 3. An 
order of magnitude increase in methanol oxidation can be realized. Ross et al reported 
good electrochemical activity of carbon-supported PtRu alloys even with 50–100 ppm 
CO in the fuel feed stream [62]. Hence, optimization of the surface concentration Pt-
Ru pair sites is essential to overcoming the CO poisoning problem of Pt catalysts.  
 
-+ +++®+ eHCOPtPtCOPtOH 22
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It stands to reasons to deploy Pt as nanoparticles on a suitable support to improve the 
utilization of this very expensive metal [63]. Researchers generally agree that 
catalysis by small particles could be different from that of an extended solid of the 
same metal [64]. However, a direct comparison may not always be possible because 
of the difficulty in preparing and characterizing the nanoparticles, most of them may 
be surface passivated.  
 
Conventional catalysts preparation methods such as wet impregnation and co-
precipitation are capable of producing nanoparticles on a support, if these procedures 
are carefully carried out. As these methods reply on the in-situ reduction of an 
adsorbed metal salt on a support, it is not easy to obtain metal particles in various 
predetermined sizes. An alternative route, involving the deposition of preformed 
nanoparticles on a support, provides an independent means of particle size control, 
and has become increasingly attractive [58]. The structure, morphology and particle 
composition can be controlled by particle synthesis conditions independent of the 
deposition process. This allows in principle the production of bimetallic catalysts with 
small particles and narrow size distribution, even at high metal loading and any 
specified particle composition. On the other hand, nanoparticles must be suitably 
stabilized (mostly by an organic compound) to suppress the agglomeration or 
coalescence of particles. The major problem with the use of organic stabilized 
nanoparticles is the passivation of catalytic activity [65]. Whenever necessary and 
possible, the stabilizing shell has to be removed after the nanoparticles are fixated on 
the catalyst support.  
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2.7.2 Case study II- assembly and evaluation of the catalytic activity of Pt and Pt 
alloys nanoparticle films for DMFC  
Recent advances in molecular assembly techniques have enabled both planer and 
core-shell structures to be fabricated more consistently and more efficiently. This has 
led to a substantial increase in reported work on the assembly of nanometer-sized 
metal or semiconductor nanoparticles [66]. 
 
A simple and versatile route to producing an assembled layer is based on the 
controlled covalent linkage of particles to each other or to the surface of a suitably 
functionalized structure. For example, a nanoparticle thin film may be formed as 
follows: a single functionality organic linker is used to chemisorb the nanoparticles 
onto a surface. A second, bifunctional molecule is then used to functionalize the 
deposited nanoparticles, allowing the later to connect to the nanoparticles in solution. 
This procedure can be repeated as many times as needed to build up an arbitrary 
number of layers, forming a well-defined and ordered supramolecular structure in the 
end. A large number of linkers are based on long chain alkanethiols which are air 
stable, and easily dispersible in organic solvents. It has been demonstrated that 
alkanedithiols can be used to precipitate cross-linked networks of gold particles from 
the solution [67, 68] or to assemble spherical ultramicroelectrodes by immersing 
dithiol- filled micropipettes in a solution of gold particles [69]. 
 




Figure 2.4 Self-assembled thiolated Au nanoparticles [68]. 
The highest degree of control in the assembly of nanoparticle structures reported so 
far was based on DNA base pair recognition. This approach, developed independently 
by Mirkin [70] and Alivisatos [71], uses thiol-modified single stranded DNA (ss-
DNA) to attach gold nanoparticles to the surface. A ss-DNA/nanoparticle conjugate 
can only hybridize with a completely complementary DNA sequences that carries 
another gold particle. Such “programmed assembly” of nanoparticles occurs with 
extremely high selectivity, a property that has been exploited for the development of 
DNA sensors for sequencing, and for the identification of toxic compounds and trace 
amounts of organic compounds [72]. 
 
Zhong and co-workers studied the electrocatalytic properties of thiolated Au and Au 
alloy nanoparticles for methanol oxidation under alkaline conditions [73]. The 
nanostructure assemblies were produced from thiolated gold nanoparticles using a 
“exchange-cross- linking-precipitation” process [7]. Several important findings were 
reported: (1) the potential for methanol oxidation matched closely with the potential 
for gold oxide formation on the activated catalysts. A quantitative correlation of the 
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electrochemical parameters suggested the involvement of Au oxide in the oxidation 
reactions, (2) infrared reflection spectroscopy revealed a reduction of C-H stretching 
frequency upon methanol oxidation, suggesting limited or partial removal of the 
encapsulating monolayer shells during oxidation reaction. The structural evolution of 
the gold shell from initial organic encapsulation to partial or complete oxide 
encapsulation is believed to play an important role in the catalytic activity. The shell 
may eventually be partially open as a result of the reorganization and the partial 
desorption of the thiol molecules. 
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CHAPTER 3 CHEMICALS AND EXPERIMENTAL 
PROCEDURES 
3.1 Chemicals 
Analytical grades hydrogen hexachloroplatinate hydrate (H2PtCl6•6H2O), ruthenium 
chloride (RuCl3), sodium hydroxide (NaOH), dodecanethiol (DDT, 98%) and 1,6-
haxanedithiol (HDT, 96%) were purchased from Aldrich. Ethylene glycol and toluene 
were supplied by Merck. All chemicals were used as received. All aqueous solutions 
were prepared using distilled deionized water.  
 
3.2 Nanoparticles synthesis 
A 1.2 ml 20 mM hydrogen hexachloroplatinate hydrate (H2PtCl6.6H2O) aqueous 
solution was mixed with 25 ml of ethylene glycol to produce a yellowish solution. 
The solution was placed in a CEM microwave reactor with the maximum heating 
temperature set at 170 oC. The solution changed its color from yellow to yellowish 
brown after heating, and was left to cool to room temperature naturally. The cooled 
mixture was diluted with an equal amount of distilled deionized water. The diluted Pt 
nanoparticle solution was added to 25 ml of a toluene solution of dodecanethiol (DDT) 
for a DDT/Pt mole ratio in the range of 3~100. The biphasic mixture was vigorously 
stirred for a few minutes and transfer of Pt from the ethylene glycol/water phase to 
toluene would occur, leaving a clear aqueous solution behind. Herein, the organic 
stabilized Pt nanoparticles were known as DDT-Pt or thiolated Pt nanoparticles.  
 
The synthesis of the binary PtRu nanoparticles was carried out similarly, using (1.2-x) 
ml of 20 mM of H2PtCl6, x ml of 20mM RuCl3, and 25 ml of ethylene glycol in the 
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starting mixture. x was chosen to yield initial Pt to Ru mole ratios of 0.25, 1, 2 and 4. 
The PtRu products were later known as Pt20Ru80, Pt50Ru50, Pt33Ru67, and Pt80Ru20 
respectively where the numerical subscripts beside Pt and Ru denote the atomic 
percentage of the respective alloying metal. 
 
3.3 Characterizations of colloidal solutions  
The formation of Pt and PtRu nanoparticles was monitored by UV-visible (UV-vis) 
spectroscopy on a Shimadzu UV-2501 PC double beam spectrophotometer in the 
region of 220~800 nm, using 1 cm path length quartz cuvettes. The particle 
morphology, size and size distribution of the nanoparticles were examined by 
transmission electron microscopy (TEM) using a Philips CM300 FEG system 
operating at 300 kV. TEM samples were prepared by placing a drop of DDT- Pt or 
PtRu nanoparticles on a 3 mm Cu grid, following by drying at ambient conditions. 
 
X-ray photoelectron spectroscopic (XPS) analyses were carried out on a VG 
ESCALAB MKII using a MgKa X-ray source. The samples were prepared by 
dispensing the colloidal solution onto a glass slide and drying overnight in a vacuum 
oven. Fourier transform infrared spectra (FTIR) were taken from thin films drop cast 
from the colloidal solutions onto NaCl crystals, using a Perkin Elmer spectrum 2000 
FT-IR spectrometer at 1 cm-1 resolution. The compositions of the PtRu particles in 
the colloidal solutions formed upon microwave heating were determined as follows: 
unreacted metal ions would remain in the ethylene glycol-water mixture because they 
could not be transferred to the hydrocarbon phase. The residual metal contents in the 
ethylene glycol-water mixture were analyzed by inductively coupled plasma 
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spectroscopy (ICPS, Perkin-Elmer Optima 3000 spectrometer) and the difference 
between the initial and final metal contents in the solution was used to calculate the 
elemental compositions of the transferred nanoparticles. 
 
3.4 Preparation of carbon supported Pt and PtRu alloy nanoparticles  
The stable DDT-Pt and PtRu nanoparticles were supported on high surface area 
Vulcan XC-72 carbon (Pt/C and PtRu/C) by combining a toluene dispersion of Pt or 
PtRu nanoparticles with a suspension of Vulcan carbon in toluene. The solution was 
vigorous stirred for 2 hours. The solvent was evaporated and the solid product was 
rinsed with ethanol. Finally the catalyst powder was dried at 60 oC in vacuum.  
 
The carbon support nanoparticles were heat-treated as follows: the as-synthesized 
Pt/C and PtRu/C catalysts were heated at 360 oC in Argon (Ar). An inert atmosphere 
is needed to prevent the oxidation of the metallic components in the catalysts. The 
furnace was purged with argon gas for at least 15 minutes prior to the heat treatment. 
The heat-treated electrocatalysts were labeled as Pt/C (x h) or PtRu/C (x h), where x 
refers to the number of hours in heat treatment (e.g., 1, 2, 5, 10 h). All prepared 
catalysts had a nominal metal loading of 20 wt% on the Vulcan carbon black support. 
 
3.5 Characterizations of carbon supported Pt and PtRu alloy nanoparticles 
Particle morphology, size and size distribution were characterized by transmission 
electron microscopy (TEM) on a Philips CM300 FEG system operating at 300 kV. 
For microscopic examinations the samples were first ultrasonicated in acetone for 1 h 
and then deposited on 3 mm Cu grids covered with a continuous carbon film. The 
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elements present in a sample could be identified and quantified by energy dispersive 
X-ray analysis (EDX). The catalysts were also analyzed by X-ray photoelectron 
spectroscopy (XPS) using a VG ESCALAB MKII spectrometer. Narrow scan 
photoelectron spectra were recorded for the C 1s, O 1s, Ru 3p and Pt 4f regions and a 
vendor supplied curve-fitting program (VGX900) was used for spectral deconvolution. 
X-ray diffraction (XRD) patterns were recorded by a Bruker GADDS diffractometer 
with area detector using a CuKa source (l=1.54056 nm) operating at 40 kV and 40 
mA. XRD samples were obtained by depositing carbon-supported nanoparticles on a 
glass slide, and drying the later in vacuum overnight 
 
An EG&G Model 273 potentiostat/galvanostat, and a conventional three-electrode test 
cell were used for electrochemical measurements. The working electrode was a thin 
layer of Nafion-impregnated catalyst cast on a vitreous carbon disk held in a Teflon 
cylinder. The catalyst layer was obtained in the following way: (1) a slurry was first 
prepared by sonicating for 1 h a mixture of 0.5 ml of deionized water, 10 mg of Pt/C 
or PtRu/C catalyst, and 0.2 ml of Nafion solution (Aldrich: 5 w/o Nafion); (2) 2 ml of 
the slurry was pipetted and spread on the carbon disk; (3) the electrode was then dried 
at 90 oC for 1 h and mounted on a stainless steel support. The surface area of the 
vitreous carbon disk was 0.25 cm2 and the catalyst loading was 0.0143 mg/cm2 based 
on this geometric area. A Pt gauze and a saturated calomel electrode (SCE) were used 
as the counter and reference electrodes respectively. All potentials in section 4.2 are 
quoted against SCE. All electrolyte solutions were deaerated by high-purity argon for 
2 hours prior to any measurement. For cyclic voltammetry of methanol oxidation, the 
 
                                                                                                                     CHAPTER 3 
 
 38 
electrolyte solution was 1 M H2SO4, 2 M CH3OH, which was prepared from high-
purity sulfuric acid, high-purity grade methanol and distilled water.  
 
3.6 Assembly of Pt and PtRu nanoparticle films  
By using the exchange-crosslinking method, the DDT [(CH3-(CH2)11-S-] linkers on 
the nanoparticle surface were replaced by addition of 0.05 ml of bifunctional HDT (-
S-(CH2)6-S-) linkers into the DDT-Pt or DDT-PtRu solution. 
 
For assembly of nanoparticles film, 10 MHz, AT-cut quartz crystals (14 mm diameter) 
with polished gold electrodes (5.1 mm diameter) and Ti adhesion layers (International 
Crystal Manufacturing, Oklahoma City, OK) were used for monitoring nanoparticles 
assembly on gold substrates. Based on the mass sensitivity of 4.42 ng/cm2Hz for a 10 
MHz QCM and the area of the gold electrode (0.204 cm2), a frequency change of 1 
Hz would correspond to a mass increase of 0.902 + 0.01 ng. A S&A 250B Network 
Analyzer (Saunders & Associates, Inc. USA) was used for measuring the frequency 
response (f) and the motional resistance (R), an equivalent circuit parameter, 
simultaneously. The noise level of the f and R were 4 Hz and 0.1 W, respectively.  
 
Prior to use, the crystals were cleaned by UV ozone stripping, followed by treatment 
in a Piranha solution. For measurements in liquid a cell made from PEEK was used. 
The upper face of the quartz crystal was contacted with a 300 ml pure toluene to 
establish the initial baseline. Toluene was then replaced by the nanoparticle solution; 
and the assembly of nanoparticles on gold was allowed to proceed for an hour. The 
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nanoparticle solution was then removed; and the liquid cell was thoroughly rinsed 
with toluene to re-establish the baseline. 
 
The electrocatalytic activities of the nanoparticle films were evaluated by cyclic 
voltammetry using an mAutolab type II potentiostat/galvanostat (Eco chemie B.V, 
The Netherlands) equipped with a Technochip Picobalance (Marciana, Italy).  The 
measurements were performed in a single apartment, room temperature open cell. 
QCM Au electrodes carrying the Pt nanoparticle films were used as the working 
electrodes. Pt wire and Ag/AgCl (3 M KCl) were used as the counter and the 
reference electrodes respectively. The electrolyte, 0.5 M KOH, 2 M CH3OH, was 
deaerated with Ar for at least 1 hour before use. During the potential scan, both 
current and frequency were recorded. In order to obtain accurate frequency changes, 
the electrodes were equilibrated in the electrolyte until the drift in the frequency 
signal was less than 5 Hz in 3 minutes. 
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CHAPTER 4 RESULTS AND DISCUSSIONS 
4.1 Nanoparticles synthesis 
 
4.1.1 Formation and phase transfer of Pt and PtRu nanoparticles  
In this thesis research, all Pt and PtRu nanoparticles were synthesized by microwave 
dielectric heating with ethylene glycol serving as the solvent cum reducing agent. The 
major advantages of microwave synthesis are the providence of a homogenous 
reaction environment and the high rate of reaction.  Reaction is completed within a 
few seconds, a few hundred times faster than chemical reduction with conventiona l 
heating, which normally requires a few hours to complete [74]. 
 
From the experimental results the microwave assisted heating of H2PtCl6, RuCl3 
(except pure Pt synthesis), NaOH and H2O in ethylene glycol evidently facilitated the 
formation of smaller and more uniform Pt or PtRu nanoparticles. It is generally agreed 
that the size of metal nanoparticles is determined by the rate of reduction of the metal 
precursor. The dielectric constant (41.4 at 298 K) and the dielectric loss of ethylene 
glycol are high, and hence rapid heating occurs easily under microwave irradiation. In 
ethylene glycol mediated reactions (the ‘polyol’ process), ethylene glycol also acts as 
a reducing agent to reduce the metal ions to their elemental form. At high 
temperatures ethylene glycol (CH2OH-CH2OH) decomposes to form formaldehyde 
(HCHO), which has adequate reducing power to reduce PtCl62- or Ru3+ to Pt or Ru. 
The rapid heating by microwave accelerates the reduction of the metal precursor and 
the nucleation of the metal clusters. The de-bottlenecking of the nucleation limited 
process greatly assists in small particle formation. Additionally the homogeneous 
microwave heating of liquid samples reduces the temperature and concentration 
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fluctuations in the reaction medium, thus providing a more uniform environment for 
the nucleation and growth of metal particles. 










 Before Reaction (H2PtCl 6)
 Before Reaction (H2PtCl 6 & RuCl3)
 After Reaction (Pt nanoparticles)
 After Reaction (PtRu alloy nanoparticles)
 
Figure 4.1 UV-visible absorption spectra of solutions containing H2PtCl6, and 
mixtures of H2PtCl6 and RuCl3 before and after microwave irradiation. 
 
The formation of Pt nanoparticles via microwave dielectric heating was followed by 
UV-visible spectroscopy. The H2PtCl6 solution before microwave irradiation was pale 
yellow in color, showing a peak at 260 nm in its UV-visible spectrum (Figure 4.1) due 
to the ligand-to metal charge-transfer transition in the PtCl62- ion [75, 76]. The color 
of the solution changed to dark brown after the reaction. The peak at 260 nm was no 
longer visible, suggesting that all PtCl62- ions were completely reacted. The spectrum 
of the completely reduced solution displayed strong absorption from 700 nm and 
gradually increasing intensity from the visible to the ultraviolet region, confirming the 
formation of nanoparticles [52]. When the Pt nanoparticles in ethylene glycol were 
diluted with distilled deionized water, and vigorously stirred with a toluene solution 
of dodecanethiol (DDT), transfer of Pt from the ethylene glycol/water phase to 
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toluene took place. This was visually evident from the color change in the two phases. 
The color of the ethylene glycol/water solution faded gradually to colorless, whereas 
the color of the toluene phase darkened from colorless to yellowish brown or dark 
brown. 
 
It was observed that the addition of NaOH to RuCl3 (or a mixture of H2PtCl6 and 
RuCl3) would cause an instant color change from dark brown to yellow-green, due to 
the formation of ruthenium hydroxide complexes. This was also shown 
spectroscopically as the evolution of a peak at ~436 nm. The observation is similar to 
that of Pârvulescu [77]. For PtRu alloy nanoparticle formation, characteristic 
absorptions by Ru3+ and PtCl62- ions at 436 nm and 260 nm disappeared and replaced 
by gradually decreasing absorption from the ultraviolet region to 700 nm, indicating 
the formation of PtRu nanoparticles. 
 
To determine the actual platinum and ruthenium contents in the PtRu alloys, 
inductively coupled plasma spectroscopy (ICP) was used to measure the unreacted 
metal ions remaining in the ethylene glycol-water mixtures. From Table 4.1, PtRu 
alloy nanoparticles of compositions of Pt23Ru77, Pt52Ru48, Pt72Ru28, and Pt85Ru15 were 
obtained from precursors of Pt20Ru80, Pt50Ru50, Pt67Ru33, and Pt80Ru20. The ruthenium 
contents in the PtRu alloy nanoparticles were conspicuously lower than in the initial 
mixtures. This is because some Ru3+ ions failed to simultaneously reduced with Pt4+ 
ions within 30 s of reaction time as the redox potential of Ru3+/Ru (Eo~0.84 V) is of 
much lower than that of Pt4+/Pt (Eo~1.41 V) [78]. 
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Table 4.1 ICP data showing various Pt:Ru molar ratios. 
Molar percentage of Pt and Ru 
Metal precursor 
Pt:Ru molar ratio 
Unreduced Pt 
Unreduced 
Ru Reduced Pt Reduced Ru 
Final metal 
cluster ratio 
20: 80 0.0% 9.7% 100.0% 90.3% 23: 77 
50: 50 0.1% 17.4% 99.9% 82.6% 52: 48 
67: 33 0.1% 23.9% 99.9% 76.1% 72: 28 
80: 20 0.0% 32.4% 100.0% 67.6% 85: 15 
 























1.4 0.9 7.4 0.9 
1.7 0.9 4.7 0.4 
2.0 1.2 4.9 0.6 
5.6 1.2 4.8 0.6 
9.5 1.4 3.6 0.4 
pH Effect 
10.5 1.5 
30 1.0 100 
1.9 0.5 
3 4.7 0.4 DDT/Pt 
molar ratio 1.7 0.9 30 1.0 100 4.7 0.4 
0.5 3.0 0.4 
1.0 4.7 0.4 









30 4.7 0.4 Irradiation 




The size and shape distributions of nanoparticles can in principle be altered by 
manipulating the experimental conditions in solution synthesis. The following 
sections document a few strategies that were successfully adopted in this work to 
produce good size and size distribution for pure Pt nanoparticles (Table 4.2). 
Parameters explored include the pH of the precursor solution, the microwave heating 
time, and the concentrations of DDT and the metal precursor salts. Comparisons are 
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also made between microwave synthesis and the conventional reflux method of 
preparation.  
 
4.1.1.1 Effect of pH 
Pt nanoparticles of different sizes shown in Figure 4.2 were formed by altering the pH 
of the precursor solution prior to microwave irradiation. pH adjustment is 
undoubtedly the most convenient and direct method in enabling particle size control. 
Nearly monodispersed particles were produced by the microwave synthesis. Except 
for the case of Figure 4.2 (a), most of the Pt particles formed were spherical and 
highly regular. 
 
Six different pH values from 1.4 to 10.5 were tested. pH adjustment was made by 
adding 1 M aqueous HCl or 1 M aqueous NaOH solution to the precursor solution 
until the desired value was obtained. The precursor solution without any pH 
adjustment had a pH of 1.7.  
 
When the precursor solution was adjusted to pH~1.4, the resulting nanoparticles grew 
to 7.4 ± 0.9 nm (Fig. 4.2 (a)). The formation of large particles can be attributed to the 
domination of particle growth in reduction in the absence of an adequate supply of 
OH- ions in the solution. Adsorption of OH- ions on the nanoparticle surface is known 
to prohibit particle growth and agglomeration by repulsive electrostatic interaction.  
 




Figure 4.2 TEM images of DDT-stabilized Pt nanoparticles formed under different 
pH condition: (a) pH 1.4, (b) pH 2.0, (c) pH 5.6 and (d) 10.5. 
 
It was found that pH changes in the range of 1.7~5.6 (Figure 4.2 (b) & (c)) had no 
significant impact on the nucleation and growth of the nanoparticles. The particles 
produced in this range all had an average diameter of 4.8 ± 0.5 nm. 
 
Significantly smaller particles (1.9 ± 0.5 nm) were obtained at pH~10.5.  The addition 
of a large amount of NaOH to the precursor solution accelerated the nucleation 
process in the reaction (equation 4.1). A large number of small nuclei were formed 
(a) (b) 
(c ) (d) 
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simultaneously within a short time span. While it may be tempting to expect rapid 
growth thereafter, the inherent positive charge on the nanoparticles tends to 
specifically adsorb the available anions, leading to a reversal of the particle surface 
charge. OH- adsorption was promoted at high pH and the repulsion between the 
acquired negative charges on the nanoparticles led to the kinetic stabilization of the 
latter. 
 
Generally, the metal precursor solution (in ethylene glycol) would become more 
acidic after microwave irradiation (e.g., the pH would decrease from 10.5 before the 
reaction to 1.5 after the reaction). It is hypothesized that formaldehyde (HCHO) was 
formed from the decomposition of ethylene glycol at the reaction temperature would 
subsequently reduced the PtCl62- or RuCl3 ions to their elemental forms; and protons 
were released as a reaction product. 
 
 
+-- +++®++ HClHCOOHPtOHPtClHHCHO 3662      (4.1) 
+-- +++®++ HClHCOOHRuOHRuClHCHO 33      (4.2) 
 
 
The above chemical reactions also suggest the presence of OH- ions would greatly 





                                                                                                                     CHAPTER 4 
 
 47 
4.1.1.2 Effect of irradiation time 
A common approach to enlarge particle size in the reflux reduction method is to 
prolong the heating time or to manipulate the temperature at which reflux is carried 
out [68]. However, as temperature gradients are unavoidable in any conductively 
heated process, it is not surprising to find that the reflex reduction method often 
produces a broader size distribution as a result of the inhomogeneities in nucleation 
and growth reactions.  
(a) (b)
 
Figure 4.3 Comparison of nanoparticles synthesized at two different irradiation 
heating time, (a) 30 s and (b) 90 s, at 300 W power setting, and maximum temperature: 
170 oC. 
 
The effect of microwave irradiation time on particle growth and the structure of the 
particles were investigated. Nanoparticles were synthesized using two different 
irradiation times, 30 s and 90 s respectively (Figure 4.3). The 60 s time difference 
resulted in a significant particle size difference (4.7 and 6.1 nm) due to particle 
growth. However, a narrow size distribution of 0.4 and 0.5 nm respectively was still 
possible, indicating that the nucleation and growth of the particles were reasonably 
well decoupled in the microwave synthesis.  
 




4.1.1.3 Effect of dodecanethiol (DDT)  
Nanoparticles suspended in ethylene glycol after microwave irradiation were 
immediately transferred to an organic phase (toluene containing dodecanethiols 
(DDT)) [1]. The purpose of the phase transfer was to minimize the surface oxidation 
of the nanoparticles during storage. Dodecanethiol (DDT) was used as the phase 
transfer agent as well as a capping agent to sterically stabilize the nanoparticles 
against agglomeration. The alkanethiol functional group was chosen because of its 
air-stability and its good solubility in organic solvents. 
 
The shape and size of the microwave-synthesized Pt nanoparticles were not sensitive 
to the amount of DDT present in toluene. DDT was not involved in the chemical 
reduction as it was only introduced at the phase transfer step. DDT to Pt molar ratio 
between 3 and 100 did not elicit any change in the nanoparticle size and size 
distribution (Table 4.2). The transfer of the nanoparticles from ethylene glycol to 
toluene, and the steric stabilization of the nanoparticles, was both derived from the 
affinity of the sulfur end group for the platinum surface, which was substantiated by 
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4.1.1.4 Effect of metal precursor concentration 
(a)                                                             (b)
(c) (d) 
 
Figure 4.4 Pt nanoparticles with sizes ranging from 3.0 ~ 6.8 + 0.5 nm and 
synthesized from a precursor concentration of (a) 0.5 mM, (b) 1.0 mM, (c) 3.0 mM, 
and (d) 5.0 mM. 
 
The concentration of the metal precursor salt used in microwave synthesis had a direct 
and dramatic impact on the size of the platinum nanoparticles. Nanoparticles with 
sizes ranging from 3.0 ~ 6.8 nm could be prepared by increasing the precursor 
concentration from 0.5 to 5.0 mM (Figure 4.4). The experimental results indicate that 
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both the nucleation and growth of the nanoparticles had a positive order rate 
dependence on the concentration of the metal salt. 
 




Figure 4.5 TEM images of PtRu alloy nanoparticles: (a) Pt23Ru77, (b) Pt52Ru48, (c) 
Pt72Ru28, (d) Pt85Ru15; the average nanoparticle size is 3.5±0.6 nm. 
 
The size of the PtRu nanoparticles was compared with the size of Pt nanoparticles 
prepared under similar experimental conditions. The bimetallic alloy system was 
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formed using 4 initial Pt to Ru ratios: 0.25, 1, 2 and 4. All metal salt precursor 
solutions had a pH value of 5.6, and the particles were sized by TEM. Figure 4.5 
shows that the size of the Pt-Ru system did not vary with the alloy composition.  The 
average diameter of 3.5±0.6 nm was very comparable to that of pure Pt, which was 
3.6±0.4 nm. The concern for phase segregation of Pt and Ru nanoparticles apparently 
did not occur in the microwave preparation. 
 
4.1.2 Physicochemical characterizations 
4.1.2.1 X-ray photoelectron spectroscopy (XPS) 
XPS was used to determine the surface composition of the thiol-stabilized 
nanoparticles. Fig. 4.6 shows narrow scan spectra of S 2p, O 1s and Pt 4f for the 
DDT-stabilized Pt nanoparticles, and Ru 3p for the DDT- PtRu alloy nanoparticles 
respectively. A detailed comparison of XPS spectra of Pt 4f for pure Pt and PtRu 
alloys is given in section 4.2.2.1.  
 
The O 1s spectrum at 528 ~ 532 eV could be deconvoluted into three component 
peaks in the ratio of 2:6:2 (Figure 4.6). The most prominent peak was located at 530 
eV, which could be assigned to surface species from the substrate or impurities on the 
Pt nanoparticle surfaces. The small band at ~530.4 eV could be attributed to PtO2 [79]. 
Another small component peak at ~529 eV suggests the presence of sulphur-
containing surface species. 
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Figure 4.6 XPS spectra of DDT-Pt nanoparticles in the O 1s and S 2p regions. 
 
Figure 4.6 shows that the S 2p region was dominated by a doublet between 160 and 
180 eV arising from spin-orbital coupling (2p 3/2 and 2 p1/2). The 2p 3/2 (161.4 eV) and 
2p 1/2 (162.5 eV) sub-bands in DDT-Pt nanoparticles were present in the ratio of 2:1, 
which is consistent with the literature value [79]. For free thiols, the S 2p region has a 
more intense 2p3/2 band around 164.0 ± 1.18 eV. The binding energy observed for 
monolayer of thiols is lower, at ~161.4 eV. This reduction in binding energy is caused 
by the strong attachment of the sulfur ends in DDT to the Pt surface. These readily 
distinguishable spectral features were used to identify Pt-bound sulfur species. The 
2p1/2 signal at ~162.5 eV is therefore indicative of the presence of unbounded -SH 
species from excess thiols [80]. 
 
As shown in Figure 4.7, the Pt 4f region contains two doublets of platinum species 
from the spin-orbital splitting of the 4f 7/2 and 4f 5/2 states. Similar to the S 2p 
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spectrum, the binding energies for Pt 4f were lower than the literature values because 
of the attachment of thiol to the surface. The main doublet at 71.1 eV and 74.3 eV (in 
peak area ratio of 4:3) was contributed by Pt 4f 7/2, indicating the formation of 
metallic platinum, Pt (0). The smaller doublet due to Pt 4f 5/2 was detected at 72.1 eV 
and 75.1 eV evinced the presence of higher oxidation states of Pt such as Pt (IV) (e.g. 
PtO2) in the DDT- Pt nanoparticles. Such assignment is also consistent with the data 
from the O 1s spectrum. The respective proportions of Pt (0) and Pt (IV) were 82% 
and 18% respectively. This shows that the metallic nanoparticles in non-aqueous 
solutions were protected by surface adsorbed thiol, and the surface oxidation of Pt 
nanoparticles occurred only to a limited extent [81].  









































Figure 4.7 XPS spectra of Pt 4f for pure Pt nanoparticles and Ru 3p for PtRu alloy 
nanoparticles. 
 
The binding energy for the Ru 3d line in zero-valent ruthenium at 284.3 eV is very 
close to the C 1s line (Figure 4.7), and hence the Ru 3p spectrum was used instead for 
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the analysis of Ru oxidation state. The experimental Ru 3p 3/2 signal could be 
deconvoluted into two distinguishable pairs of peaks of different intensities at binding 
energy of 461.1 and 462.5 eV, corresponding well with Ru (0) and RuO2 respectively. 
 
4.1.2.2 Fourier transform infrared spectroscopy (FT-IR) 



















Figure 4.8 FT-IR spectra of DDT- Pt nanoparticles and pure DDT. 
 
Figure 4.8 compares the IR features of DDT- platinum nanoparticles with that of pure 
DDT. The former showed strong absorptions at 2924 cm-1 and 2852 cm-1 which could 
be assigned to the antisymmetric (d-) and symmetric (d+) CH2 stretches, albeit a ~5cm-
1 blue shift from the literature values [82].  These peaks arose from highly ordered 
alkyl chains surrounding a platinum core, an indication of thiol attachment to the 
nanoparticle surface. Such spectral features were not present in pure thiol spectrum 
because of the random orientation of the alkyl group. The interaction between the 
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platinum and thiol group was therefore inferred from the combined use of FT-IR and 
X-ray photoelectron spectroscopies. 
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4.2 Carbon supported Pt and PtRu nanoparticles as catalysts for DMFC 
4.2.1 Morphology of Pt/C & PtRu/C  
(a) (b)
 
Figure 4.9 TEM images of (a) as-synthesized Pt/C and (b) as-synthesized PtRu/C. 
 
Figure 4.9 shows typical TEM images of DDT-stabilized Pt and PtRu nanoparticles 
supported on high surface area Vulcan XC-72 carbon (as-synthesized Pt/C and 
PtRu/C), prepared by combining a toluene dispersion of Pt or PtRu nanoparticles with 
a suspension of Vulcan carbon. The metals dispersed well on the carbon surface, 
showing a high degree of dispersion and uniformity. The average diameters were 3.8 
± 0.5 nm for Pt and 3.5 ± 0.5 nm for PtRu nanoparticles. Some supported samples 
were also subsequently heat treated (in argon at 360 ºC for 10 h) to remove the 
stabilizing alkanethiol layer. The heat treatment did not bring about significant 
morphological changes (Figure 4.10 (a) and (b)). The Pt and Pt alloy nanoparticles 
remained in a state of high dispersion on the carbon surface, and the sizes of the 
particles were nearly unchanged.  
 





Figure 4.10 TEM images of (a) heat-treated Pt/C (10 h) and (b) heat-treated PtRu/C 
(10 h). 
 
4.2.2 Physicochemical characterizations 
XPS was used to determine the surface composition and the chemical states of the 
stabilized nanoparticles and changes brought about by the heat treatment. There was 
no major difference between the O 1s, S 2p, Pt 4f, and Ru 3p (for PtRu/C only) 
spectra of all heat-treated Pt/C and PtRu/C samples, and hence comparison with the 
as-synthesized samples was based on the representative results from heat-treated Pt/C 
(10 h, for O 1s, S 2p, Pt 4f spectra) and heat treated Pt52Ru48/C (10 h, for Ru 3p 
spectra) samples.  
 
The effectiveness of the heat treatment process in removing the organic shell on the 
nanoparticles were determined by comparing the S 2p spectra of as-synthesized Pt/C 
and heat-treated Pt/C (10 h). As shown in Figure 4.11 (a), the S 2p spectrum for as-
synthesized Pt/C indicates the clear presence of thiol on the Pt nanoparticle surface 
(Section 4.1.4.1). After 10 h of heat treatment, the 2p 3/2  and 2p 1/2 doublet were no 
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longer detectable, indicating the complete removal of thiol species from Pt surface. 
Instead there was a board new feature consisting of two peaks located at 165.6 eV and 
166.9 eV, which were identified as sulfite species. The reason for sulfite emergence 
after heat treatment is not yet known, but it may be speculated that sulfite was formed 
in some intermediate steps in the overall sulfur removal process.  
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Figure 4.11 XPS spectra of (a) S 2p and (b) Pt 4f region of as-synthesized Pt/C and 
heat-treated Pt/C (10 h). 
 
The entire spectrum for the Pt 4f region of the heat-treated Pt/C (10 h) was shifted by 
1.0 eV with respect to the as-synthesized Pt/C to higher binding energies (Figure 4.11 
(b)). The ratio of Pt 4f 7/2 to Pt 4f 5/2 remained practically unchanged, indicating no or 
limited oxidation in the heat treatment process. 
 
Figure 4.12 (a) shows the general trend of increasing binding energy with the increase 
in the Ru content in several heat-treated PtRu/C samples. This result agrees well with 
that of Antolini et al [83], who attributed the shift in binding energy to the fusion of 
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two different solids forming an adhesive couple. The shift could be understood in 
terms of chemical bond formation or charge transfer between the contacting phases. 
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Figure 4.12 (a) Pt 4f spectra for heat-treated PtRu/C with different ruthenium 
contents, (b) Ru 3p spectra for as-synthesized Pt52Ru48/C and heat-treated PtRu/C (10 
h). 
 
The Ru 3p spectra of as-synthesized Pt52Ru48/C and heat-treated PtRu/C (10 h) were 
compared in Figure 4.12 (b). Analysis of the Ru oxidation state was based on the Ru 
3p spectrum because the Ru 3d line in zero-valent ruthenium at 284.3 eV is too close 
to the C 1s line of the Vulcan carbon support. Generally, the Ru 3p 3/2 signal of heat-
treated Pt52Ru48/C (10 h) was marked by a pair of peaks centering at 462.4 eV and 
466.0 eV respectively, which corresponded well with Ru (0) and Ru (IV). The relative 
intensity of these two doublets was ~80% and 20%, same as the as-synthesized 
PtRu/C. There was however a 0.3~0.4 eV shift to higher binding energies compared 
to as-synthesized PtRu/C. 
 
 
                                                                                                                     CHAPTER 4 
 
 60 
When the Pt 4f and Ru 3p spectra of the as-synthesized and heat-treated Pt/C or 
PtRu/C were examined collectively, one noticed a small but significant shift of 
binding energy to higher values for the heat-treated samples. This could be caused by 
the thermal removal of thiol-species from the surface of Pt or PtRu nanoparticles and 
specific platinum-support interactions [83]. The latter might involve the electron 
transfer from platinum to the oxygen atoms on the surface of the carbon support. Such 
metal-support interactions could lead to enhanced catalytic performance and 
electrocatalyst stability in the reactions (to be discussed in section 4.2.3.1). 











 Pt/C (10 h)
 Pt/C (5 h)
 Pt/C (2 h)
 Pt/C (1 h)
 As-synthesized Pt/C
 
Figure 4.13 X-ray diffraction patterns of as-synthesized and various heat-treated Pt/C 
catalysts. 
 
XRD is a bulk analysis that reveals the crystal structure, lattice constants, and crystal 
orientation of the supported catalysts. Figure 4.13 shows the XRD pattern of as-
synthesized Pt/C under different heat treatment conditions. The same pattern was also 
replicated by all heat-treated Pt/C. The strong diffraction at 2? < 35o was not shown in 
the figure because it pertains mostly to the carbon black support. The peaks could be 
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indexed to the [111], [200], [311], [222] reflections of a Pt face-centered cubic (fcc) 
crystal structure. The lattice constant of 3.924 Å (for all Pt/C catalysts) is in good 
agreement with 3.923 Å for pure Pt and 3.915 Å for commercially available Alfa 
Aesar Pt/C (nominal Pt loading of 20 wt%). 
 
The as-prepared Pt/C showed considerable crystallinity before the heat treatment. The 
degree of crystallization increased expectedly with the heating time, as shown by the 
sharper and more intense diffractions peaks. The intensity ratio of Pt [111] to C [002] 
diffractions, first adopted by Antolini et al [84], was used here for a more quantitative 
evaluation of the thermal enhancement effects on crystallization. From Figure 4.14, 
the ratio increased to 7.5 after 10 hours of heat treatment, i.e., ~ about 16 times 
increase in crystallinity relative to the as-synthesized Pt/C.  
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Figure 4.14 Particle size and crystallinity (Pt [111]/C [002]) dependence on heat 
treatment duration for pure Pt catalysts. 
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æ                                                                                                    (4.3) 
where k =coefficient (0.9), 
          l = wavelength of x-ray used (1.54056 Å), 
          b  = full width half maximum of respective diffraction peak (rad), 
          q = angle at the position of peak maximum (rad). 
 
 
It was found that the as-synthesized and heat-treated Pt/C had comparable particle 
size of 3.7±0.2 nm; hence there was only a limited thermally induced particle growth 
in the heat treatment.  
 
Figure 4.15 shows the X-ray diffraction patterns of several heat-treated Pt/C (10 h) 
catalysts of different particle size. The initial Pt particle size of 1.9 nm, 4.7 nm and 
7.4 nm respectively was obtained by adjusting the pH of the metal precursor solution 
(Table 4.2). After the Pt nanoparticles was loaded onto Vulcan carbon and heated for 
10 hours, the diameters of these Pt nanoparticles according to the Scherrer’s equation 
were 2.0 nm, 4.7 nm and 7.4 nm respectively, i.e. very limited particle growth in the 
heat treatment process. 
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 Pt/C (7.4 nm)
 Pt/C (4.7 nm)
 Pt/C (2.0 nm)
 
Figure 4.15 X-ray diffraction patterns of heat-treated Pt/C (10 h) catalysts of initial 
particle size of 2.0 nm, 4.7 nm and 7.4 nm, respectively. 
 
Most metal particle sizes calculated from the Scherrer equation did not agree well 
with the direct measurements by TEM counting 150 particles. However, the 
observation of nearly zero particle growth by heating in Ar was confirmed 
independently by TEM and XRD in more than one sample. The heat treatment 
produced mostly improvements in crystallinity and catalytic activity (see section 
4.2.3.1).  
 
XRD patterns were also collected for PtRu alloy nanoparticles supported on carbon 
black Generally Ru alone would display the [100], [101], [110], [103], [201] 
reflections of a hcp lattice, whereas Pt would display the characteristic fcc reflections 
described previously. However, from Figure 4.16, the diffraction pattern of heat-
treated PtRu/C (except Pt23Ru77) displayed mostly the reflection characteristics of the 
Pt fcc structure, suggesting an alloy formation based on the substitution of the Pt 
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lattice sites [83]. The Pt23Ru77 alloy nanoparticles were exceptional, where a hcp 
pattern could be clearly identified, indicating the presence of Ru-rich alloys [58].  






























Figure 4.16 X-ray diffraction patterns, from top to bottom: heat-treated Pt/C, 
Pt85Ru15/C, Pt72Ru28/C, Pt52Ru48/C and Pt23Ru77/C. 
 
It was noted that with increasing proportion of Ru in the PtRu alloys, all (except 
Pt23Ru77) diffraction peaks were shifted synchronously to higher 2? values. The shift 
is an indication of the reduction in lattice constant [83]. According to Vegard’s law, 
lattice constant can be used as to measure the extent of alloying. In Figure 4.17, the 
lattice constant (ao) for PtRu/C presents a decrease monotonically with the Ru content. 
The reduction of ao in PtRu/C arose primarily from the substitution of platinum atoms 
by Ru atoms, which led to the contraction of the fcc lattice, an indication of the 
formation of PtRu alloys. The lattice constant contradiction also parallels to the trend 
of decreasing particle size with increasing Ru concentration. The particle size of PtRu 
alloy nanoparticles falls in the order: Pt > Pt85Ru15 > Pt72Ru28 > Pt52Ru48 > Pt23Ru77, 
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which can also be explained macroscopically by the incorporation of smaller Ru 
atoms into the Pt nanoparticle.  



































Figure 4.17 Dependence of particle size and lattice constant on the Ru content of 
heat-treated PtRu/C catalysts. 
 
4.2.3 Electrocatalytic activities 
4.2.3.1 Effects of heat treatment 
The as-synthesized and heat-treated Pt/C catalysts (~ 3.7 nm) were characterized by 
cyclic voltammetry (0-1V, 50 mV/s) in an electrolyte of 1 M H2SO4 and 2 M CH3OH, 
and the resulting voltammograms are shown in Figure 4.18. The as-synthesized Pt/C 
catalyst displayed an almost featureless voltammogram with low current density 
values throughout. This indicated that the Pt surface was fully covered and passivated 
by a shell of thiol molecules, which limited the access of the electrolyte to the 
catalytically active sites. Based on measurements of oxidation current density at 0.65 
V, the activity of the heat-treated Pt/C catalysts (10 h) was 1733 times that of the 
untreated catalyst. 
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Figure 4.18 (a) Cyclic voltammograms of heat-treated Pt/C catalysts (1, 2, 5, 10 h) in 
1 M H2SO4, 2 M CH3OH electrolyte. The corresponding voltammogram of as-
synthesized Pt/C is shown as an insert. (b) Plot of methanol oxidation current density 
as a function of heat treatment duration. 
 
The voltammograms of methanol oxidation on all heat-treated Pt/C catalysts were 
very similar to that of the bulk Pt electrode. In the anodic scan, methanol oxidation 
produced a prominent symmetric anodic peak around 0.65 V. As shown in Figure 
4.18 (b), the anodic peak current density increased with the heat treatment time. The 
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improved catalytic activity is obviously due to the removal of the thiol stabilizing 
shell by heat treatment. Heat treatment could, in principle, also induce particle growth 
and enhance crystallization. This was not observed experimentally because of the 
stabilization effect from the carbon support. Further increase in anodic potential past 
0.65 V resulted in the diffusion limited current decay. Onset of oxygen evolution 
reaction was detected at 0.85 V and continued up to the potential sweep limit. In the 
potential region E > 0.85 V, the catalyst surface was populated by oxygenated species, 
which could also inhibit catalytic activity. In the reverse cathodic scan, an anodic 
peak current density was detected at around 0.44 V. Manoharan et al attributed this 
anodic peak in the cathodic scan to the removal of the incompletely oxidized 
carbonaceous species formed in the forward scan [85]. These carbonaceous species 
are mostly in the form of linearly bonded Pt=C=O. Hence the ratio of the forward 
anodic peak current density (If) to the reverse anodic peak current density (Ib), If/Ib, 
can be used to describe the catalyst tolerance to carbonaceous species accumulation. 
Low If/Ib ratio indicates poor oxidation of methanol to carbon dioxide during the 
anodic scan, and excessive accumulation of carbonaceous residues on the catalyst 
surface. High If/Ib ratio shows the converse case. Experimentally the ratio was 0.87 
for the heat-treated Pt/C (10 h). Such low value indicates a large amount of 
intermediate carbonaceous species was not oxidized to carbon dioxide in the forward 
scan. The anodic peak current density ratios for all heat-treated Pt/C catalysts were 
about the same when steady state was established. These experimental observations 
highlighted the major deficiency of pure Pt catalysts, i.e., the irreversible 
accumulation of intermediate carbonaceous species on the catalysts surface leading to 
“catalyst poisoning”.  
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Number of cycle 
 
Figure 4.19 Plot of onset potential (0.025 A/mg Pt as benchmark) of heat-treated Pt/C 
(10 h) versus number of cycle. 
 
A comparison of onset potentials (for I>=0.025 A/mg Pt, Figure 4.18 (b)) for 
methanol oxidation on all heat-treated catalysts at steady state shows that the heat-
treated Pt/C (10 h) catalyst had the lowest value (0.31 V). The long heat treatment 
time had apparently activated the Pt the most because of a more complete removal of 
the protecting thiol layer. Taking heat-treated Pt/C (10 h) catalyst as reference, the 
onset potential gradually reduced with cycling, and reach an apparent steady state at 
cycle 15 (Figure 4.19). 
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 Heat-treated Pt/C (10 h)
 Heat-treated Pt/C (1 h)
 
Figure 4.20 Current transients from heat-treated Pt/C (1 h) and (10 h) catalysts for the 
room temperature electrooxidation of methanol in 1 M H2SO4, 2 M CH3OH at 0.4 V 
(vs. SCE). 
 
The heat-treated Pt/C (1 h) and (10 h) catalysts were biased at 0.4 V vs. SCE and the 
changes in the oxidation current density with time was recorded (Figure 4.20). Prior 
to the electrochemical endurance test, the electrolyte (1 M H2SO4, 2 M CH3OH) was 
deaerated by Ar for at least 1 h. The working electrodes were also pre-treated as 
follows: The potential was stepped up from the open circuit condition to 0.8 V. Two 
seconds later, the potential was instantaneously lowered to 0.15 V for 2 seconds to 
remove the adsorbed oxides or hydroxides [86] formed on electrode at 0.8 V. Normal 
recording of the current transients then proceeded with the step up to 0.4V, which was 
maintained for 3600 s. 
 
As shown in Figure 4.20, the current density decayed with time and reached an 
apparent steady state within 500 s. The heat-treated Pt/C (10 h) catalysts had higher 
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current density values at all corresponding potentials, attesting to the advantage of a 
longer heat treatment time.  
 
4.2.3.2 Size effect 
Among the various factors that affect the performance of DMFC anode catalysts, the 
particle size is a most important consideration not only from the materials utilization 
perspective, but also from the promise of a greater intrinsic activity due to the higher 
concentration of low coordination number metal atoms on small particle surface. 
 
Here, the electrochemistry performance of 3 electrocatalysts of different sizes, i.e., 
heat-treated Pt/C (2.0 nm), heat-treated Pt/C (4.7 nm) and heat-treated Pt/C (7.4 nm) 
were discussed. 














E (V vs. SCE)
 Heat-treated Pt/C (2.0 nm)
 Heat-treated Pt/C (4.7 nm)
 Heat-treated Pt/C (7.4 nm)
 
Figure 4.21 Hydrogen electrosorption voltammograms for heat-treated Pt/C (2.0 nm), 
heat-treated Pt/C (4.7 nm), and heat-treated Pt/C (7.4 nm) in 1 M H2SO4 at room 
temperature at 50 mV/s. 
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The real electrochemically active surface area of platinum was measured by hydrogen 
electrosorption voltammetry between 0.25 V to -0.25 V in 1 M H2SO4 electrolyte at 
scan rate of 50 mV/s. Figure 4.21 shows the typical hydrogen adsorption/desorption 
characteristics of a polycrystalline Pt surface. 
 
The electrochemically active surface of the Pt/C catalysts was estimated from the 
integrated charge in the hydrogen adsorption region of the cyclic voltammogram. A 
conversion factor of 0.21 mC/cm2  was used to express the surface areas in m2/g 
(assuming a sur face density of 1.3x1015 atom cm2 for polycrystalline Pt). The Pt 
loading per unit weight of catalyst could then be computed as follows: [87]:  
 
 
( )       
catalyst ofAmount 1021.0









catalystgPtmA                             (4.4) 
 
 
From the calculation results, heat-treated Pt/C (2.0 nm) had the higher 
electrochemically active surface area of 6.75 m2 Pt/g catalyst, followed by heat-
treated Pt/C (4.7 nm) (5.54 m2 Pt/g catalyst) and heat-treated Pt/C (7.4 nm) (2.04 m2  
Pt/g catalyst).  
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Figure 4.22 Cyclic voltammograms of heat-treated Pt/C (2.0 nm), heat-treated Pt/C 
(4.7 nm), and heat-treated Pt/C (7.4 nm) catalysts (a) normalized by mass of Pt 
catalysts, (b) normalized by real electrochemically active surface area in 1 M H2SO4, 
2 M CH3OH at 50 mV/s. 
 
Cyclic voltammograms normalized by mass of platinum (Figure 4.22 (a)) for 
methanol oxidation on catalysts with different Pt particle sizes were compared in. As 
shown in Figure 4.22 (a) for the same Pt loading, electrochemical activity increased 
with the increase in the electrochemically active surface. Methanol oxidation was 
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most efficient on heat-treated Pt/C (2.0 nm). To investigate the particle-size 
dependent electronic effects in catalysis, the forward anodic peak current density (If) 
was normalized against real electrochemical active surface area (Figure 4.22 (b)). The 
electrochemical activity was found to have no proportional trend against the catalyst 
size. Hence, experimental data in this thesis project is not sufficient to attribute the 
size-dependent electronic effects in catalysis, further investigation to clarify the ‘size-
effect’ is essential. 


















 Heat-treated Pt/C (2.0 nm)
 Heat-treated Pt/C (4.7 nm)
 Heat-treated Pt/C (7.4 nm)
 
Figure 4.23 Current transients from heat-treated Pt/C (2.0 nm), heat-treated Pt/C (4.7 
nm), and heat-treated Pt/C (7.4 nm) catalysts in the electrooxidation of methanol in 1 
M H2SO4, 2 M CH3OH at 0.4 V (vs. SCE) at room temperature. 
 
The heat-treated Pt/C (2.0 nm), heat-treated Pt/C (4.7 nm), and heat-treated Pt/C (7.4 
nm) catalysts were biased at 0.4 V vs. SCE and the changes in the oxidation current 
density with time were recorded (Figure 4.23). Similar to the voltammetry results, 
heat-treated Pt/C (2.0 nm) catalyst maintained the highest methanol oxidation activity 
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over time. The steady state current for heat-treated Pt/C (4.7 nm) and heat-treated 
Pt/C (7.4 nm) were about 55% or 60% less than that of heat-treat Pt/C (2.0 nm). 
 
4.2.3.3 Effect of methanol concentration  
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Figure 4.24 Effect of methanol concentration on the rate of methanol oxidation on a 
heat-treated Pt/C (10 h) catalyst in 1 M H2SO4. 
 
Figure 4.24 shows several linear sweep voltammograms of methanol oxidation 
obtained from methanol concentrations from 0.5 M to 8 M for the heat-treated Pt/C 
(10 h) catalyst. There was no significant electrocatalytic activity at potentials <0.4 V 
and current only began to escalate from 0.5 V onwards. The methanol oxidation 
current density increased with increasing methanol concentration. The potentials for 
the anodic peak current densities were shifted to higher values with increasing 
methanol concentrations, indicating that the catalytic reaction was inhibited by 
methanol at the high concentration end. The trend can be understood in terms of an 
increasing amount of carbonaceous species produced during methanol oxidation, 
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which were tenaciously chemisorbed on the catalyst surface, thereby reducing the 
active sites available for methanol turnover.  
 
Chu et al [58] had earlier expressed the concentration dependence of the methanol 
oxidation current density (taking forward anodic peak (If) as benchmark) as:  
 
 
(4.6)                                                                                      logloglog








Where n = number of electrons,  
            F= Faraday constant,  
            k = reaction rate constant,  
            C = bulk concentration of methanol,  
            m = reaction order.  
 
 
The experimental data were fitted to equation (4.6) using a log [C] versus log [If] plot. 
A straight line of slope (i.e. reaction order) of 0.45 was obtained (Figure 4.25). The 
reaction order corresponds well with the value obtained by Bagotzky (0.5 V) [88].  
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Figure 4.25 Plot of log[If] versus log [C]. 
 
4.2.3.4 Effect of alloying 
Methanol oxidation on heat-treated Pt/C (10 h) and heat-treated PtRu/C (10 h) 
catalysts with different Ru contents was compared in the following areas to indicate 
the catalytic performance: onset potential of methanol oxidation, anodic peak 
potential, ratio of the forward anodic peak current density (If) to the reverse anodic 
peak (Ib) and chronoamperometry.  
 
Except for the Pt23Ru77/C catalyst, there was no significant feature difference between 
the voltammograms of carbon supported Pt and of carbon supported PtRu catalysts 
(Figure 4.26). Anodic peaks appeared in both the forward and reverse (cathodic) scans. 
The peak current density of methanol oxidation over heat-treated PtRu/C catalysts 
(except Pt23Ru77/C) were somewhat lower than that of heat-treated Pt/C catalyst (in 
the order of Pt> Pt52Ru48>Pt72Ru18>Pt85Ru15). This is understandable as alloying by 
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Ru would cause a dilution of the platinum concentration on the catalyst surface. The 
anodic peak potential was observed to shift cathodically with the increase in the 
ruthenium content of the alloy (from pure Pt up to Pt52Ru48/C). Pt23Ru77/C, on the 
other hand, was a relatively inactive catalyst towards methanol oxidation (there was 
virtually no anodic peak).  







































Figure 4.26 Cyclic voltammograms of room temperature methanol oxidation on heat-
treated Pt/C and PtRu/C catalysts in 1 M H2SO4, 2 M CH3OH at 50 mV/s. Metal 
particle size ~2 nm. 
 
As shown in Table 4.3, the onset of methanol oxidation (taking 0.025A/mgPt as the 
onset current density) for heat-treated Pt/C was detected at 0.31 V, whereas it was 
0.15 V and 0.16 V for Pt85Ru15/C and Pt72Ru18/C respectively. When the mole 
percent of ruthenium was increased to 48%, i.e., heat-treated Pt52Ru48/C, the onset 
potential was lowered dramatically to 0.02 V. However, when the mole percent of 
ruthenium was further increased to 77%, the onset potential shifted positively to 
0.25V. 
 




Table 4.3 Onset potentials, peak potentials and If/Ib ratios of heat-treated Pt/C and 
PtRu/C. 
Catalyst Onset potential Anodic peak potential If/Ib ratio 
Pt/C 0.31 V 0.69 V 0.87 
Pt85Ru15/C 0.16 V 0.69 V 0.95 
Pt72Ru18/C 0.15 V 0.66 V 1.06 
Pt52Ru48/C 0.02 V 0.62 V 2.30 
Pt23Ru77/C 0.25 V N/A N/A 
 
As stated previously, the anodic peak in the cathodic scan, which indicates the 
removal of carbonaceous species not completely oxidized in the anodic scan [85], can 
be used to form the ratio of anodic current density, (If)/(Ib). The heat-treated Pt/C 
catalyst had the lowest If/Ib ratio (Table 4.3), consistent with the known low CO 
tolerance of Pt catalysts. The catalyst with the least carbonaceous accumulation, and 
hence most “tolerant” towards CO poisoning, was Pt52Ru48/C, which had the anodic 
current density ratio of 2.30. This can be contributed to the presence of Pt-Ru pair 
sites on the catalysts surface: Ru is known to adsorb oxygen-containing species (i.e., 
carbonaceous species) more favorably that on pure Pt. However, in Ru-rich catalysts 
(Pt23Ru77/C), the electrochemical activity became virtually inactive mainly because 
ruthenium plays as a role in dissociation of carbonaceous species, not in promotion of 
methanol oxidation reaction.  
 
Figure 4.27 shows the pattern of current decay was different for each catalyst. For 
heat-treated Pt/C, the current decayed continuously even after 1 h, supposedly 
because of catalyst poisoning by the chemisorbed carbonaceous species. The heat-
treated Pt52Ru48/C (indicated as (d)) was able to maintain the highest current density 
for over 1 h among all the catalysts. The electroactivity of Pt85Ru15, Pt72Ru18 and 
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Pt23Ru77 catalysts were worst than pure Pt, this would be due to ruthenium dissolution 
over long electrochemistry time.  










































Figure 4.27 Chronoamperometry of Pt and PtRu alloy catalysts. 
 
The comparative tests concluded that Pt52Ru48/C had the best electrocatalytic 
performance among all carbon supported Pt based catalysts prepared in this thesis.  
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4.3 Assembly of Pt and PtRu alloy nanoparticles 
The assembly of organic-stabilized nanoparticles on selected substrate offers a simple 
and yet elegant method of organized deposition that is primarily driven by chemical 
adsorption. Despite the more notable catalytic activity known for Pt, there are very 
few EQCM studies on the catalytic behavior of Pt nanoparticles film in methanol 
electrooxidation. Through in-situ recording of current and frequency changes in cyclic 
voltammetry, EQCM investigations would allow a more in-depth understanding of the 
fundamentals issue in methanol oxidation on self-assembled nanostructured catalysts.  
 
4.3.1 Preparation and assembly of Pt nanoparticles 
When the DDT-Pt nanoparticle solution was mixed with a 1,6-hexanedithiol (HDT) 
solution in toluene, at a molar ratio of HDT to Pt of 1:50, cross- linking of the particles 
occurred as a result of the exchange reaction between the DDT linker [(CH3-(CH2)11-
S-] and the bifunctional HDT (-S-(CH2)6-S-) linker [7]. When the DDT-Pt/HDT 
mixture came into contact with a Au or a carbon surface [94], the interaction between 
the freely accessible thiolate groups on the Pt nanoparticles and the substrate resulted 
in the assembly of HDT-Pt nanoparticles on the substrate. Figure 4.28 shows a typical 
TEM image for a thin film assembled on a carbon-coated copper grid for about 1 h. 
The image reveals a fairly uniform distribution of nanoparticles in the film. The size 
of the nanoparticles was 2.1 ± 0.4 nm, obtained by counting 150 of the particles in a 
randomly chosen area. 
 




Figure 4.28 TEM image of a HDT- Pt nanoparticle film assembled on a carbon 
coated Cu grid. 
 
QCM was used to quantify the assembly of thiolated Pt nanoparticles on gold. Figure 
4.29 (a) shows the time course of changes in the frequency f and resistance R after 
HDT-Pt nanoparticles began to assimilate on the Au electrode, using the response of 
the electrode in toluene as the baseline. For comparison, the adsorption of DDT-Pt 
nanoparticles on the Au electrode was also monitored by QCM (Figure 4.29 (b)). In 
both cases, the substitution of toluene by the Pt nanoparticle solution had resulted in a 
steady frequency decrease. At the end of 1 h of assembly the frequency decrease was 
~360 Hz for HDT-Pt and 140 Hz for DDT-Pt. The frequency decrease was only 
contributed in part by the mass uptake, since changes in liquid density and viscosity 
due to the solution change also generated their own frequency response. In order to 
eliminate the effects due to the liquid medium and some loosely bound particles (if 
there were any), the nanoparticle solution was decanted at the end of the assembly and 
the cell after rinsing with toluene was refilled the same amount of toluene as was used 
initially. The Df between the initial baseline and after the final toluene replenishment 
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was 195 Hz for HDT-Pt and 42 Hz for DDT-Pt respectively. These values translated 
into mass update of 175 ng and 39 ng respectively.  





























































































Figure 4.29 QCM frequency and motional resistance responses to (a) the assembly of 
HDT-Pt nanoparticle films and (b) nonspecific adsorption of DDT-Pt nanoparticles. 
 
Motional resistance is an equivalent circuit parameter, reflecting the damping 
property of a QCM. The exposure of a QCM to high density/viscosity liquid and the 
deposition of a non-rigid adhesive layer on the electrode will both induce energy 
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losses that can be detected as a resistance increase [89]. In the present study, the 
change over from toluene to Pt nanoparticle solution induced an R increase of ~7 W 
for HDT-Pt and ~6 W for DDT-Pt. These R responses were mostly medium effects 
caused by the bulk liquid. When the cell was rinsed with toluene at the end of the 
particle assembly, the R signals decreased. For the HDT-Pt nanoparticle assembled 
QCM, the induced DR between the initial baseline and after the reintroduction of 
toluene was 0.9 W. For the DDT-Pt particles, there was barely any detectable DR. 
 
For a given film on QCM, the measured resistance change per coupled unit mass 
(DR/Df) is an indication of the rigidity of the film. High DR/Df value typically 
represents a dissipative film, for which the measured Df includes contributions from 
both mass effect and viscoelastic effect. For a 10 MHz QCM, a DR/Df < 0.1 W/Hz 
would indicate the dominance of mass effect in the frequency response [90]. In this 
work, the DR/Df ratio for the HDT-Pt particle film was 0.9/195 » 0.005 W/Hz, which 
is very small compared to the threshold value. Thus it is believed that the HDT-Pt 
particle film was highly rigid. As mass effect dominated the measured ? f values, it is 
safe to use the measured ? f and the theoretical mass sensitivity to calculate the mass 
of assembled nanoparticle films.   
 
The QCM results could be used to deduce the number of layers in the HDT-Pt 
nanoparticle film as follows: The maximum number of HDT molecules that could be 
coupled to one Pt particle was estimated to be 100 molecules, based on an average 
diameter of 2.1 nm for the nanoparticles and cross-sectional areas of 0.5 
nm2/molecule for the HDT dithiol [91]. The Pt nanoparticles were assumed to be 
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spherical and had an fcc crystal structure, then a 2.1 nm Pt nanoparticle would contain 
about 320 Pt atoms. From the Pt:S atomic ratio of ~3 obtained by XPS measurements, 
about ~100 HDT molecules were adsorbed on each Pt nanoparticle. The measured 
QCM mass update of 175 ng would then correspond to ~1.37x1012 of adsorbed HDT-
Pt nanoparticles on Au substrate.  
 
Using an average nanoparticle diameter of 2.1 nm, a HDT cha in length of 1.2 nm [92]; 
1.29x1012 HDT-Pt nanoparticles were required to form a densely packed monolayer.  
175ng of HDT-Pt nanoparticles (~1.37x1012 particles) would therefore correspond to 
~1.15 layers of nanoparticles on Au substrate.  
 
It is surprising to find that the Au electrode would record a frequency change of 42 Hz 
(corresponding to 39 ng of mass increase) when exposed to the DDT-Pt particle 
solution. (Fig. 4.29 (b)) The mass increase was not expected as cleaned Au surface 
should be hydrophilic that in principle would reject the attachment of DDT-Pt 
nanoparticles with hydrophobic -CH3 end groups. However, on a clean Au surface, it 
has fewer neighboring atoms and more unsaturated metallic bonds, which therefore is 
expected to be more reactive than bulk Au. As a result, DDT-Pt particles were 
adsorbed. However, the QCM Df value suggests a lower extent of adsorption of about 
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4.3.2 Electrochemical quartz crystal microbalance (EQCM) characterizations of 
methanol oxidation on the Pt nanoparticle films  
According to Bennekom et al [93], QCM crystals with a Ti adhesion layer, unlike the 
Cr undercoating, are resistant to the oxidative dissolution of the adhesion metal and 
the roughening of the electrode surface in repeated cyclic voltammetric runs. Gold-
coated QCM with Ti adhesion layer were therefore used in this work to investigate the 
anodic oxidation of methanol without the interference from the corrosion of the 
undercoating metal. Prior to the measurements of the catalytic activity of the Pt 
nanoparticle films, control experiments were carried out using Au only electrodes 
with and without the methanol. Figure 4.30 shows the steady-state cyclic 
voltammogram of the Au QCM electrode in KOH solution with and without methanol. 
In both voltammograms, only a broad anodic peak at around 0.3-0.5 V and a cathodic 
peak at 0.1-0 V were found. These peaks agreed well with the oxidation and reduction 
of the gold surface respectively [94]. No redox peaks were detected within the 
potential region of methanol oxidation (0-0.4 V), indicating that the Au electrodes 
were not catalytically active in methanol oxidation. Subsequently any increase in the 
electrochemical response in this potential region in the presence of Pt nanoparticle 
films must arise from the catalytic activity of the latter. 
 
In this study, the electrolyte used (0.5 M KOH, 2 M CH3OH) is different from that 
used in section 4.2 (1 M H2SO4, 2 M CH3OH), mainly because no anodic peak was 
found when acidic electrolyte was used in the assembly system (Figure 4.31). In 
contrast, the previous displayed significant an anodic peak at methanol oxidation 
potential region after three cycle. Hence, it is speculated that the basic KOH 
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electrolyte has partially cleaved off HDT ligands on the nanoparticles surface, so that 
the catalysts surface is accessible for methanol oxidation reaction. 
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Figure 4.30 Cyclic voltammogram of a freshly ozone stripped Au electrode in 0.5 M 
KOH with and without methanol. 
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Figure 4.31 Cyclic voltammogram of HDT-Pt nanoparticles film in 1 M H2SO4, 2 M 
CH3OH. Potential scan between 0-1.0 V at 50 mV/s. 
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Figure 4.32 (a) the current density curves (from the 10th cycle) from EQCM analysis 
of the HDT-Pt nanoparticle films in 0.5 M KOH electrolyte with (dashed lines) and 
without (solid lines) methanol, (b) the current density curves of HDT-Pt films in 15 
cycles. Potential was scanned between 0-0.8 V at 50 mV/s. 
 
Figure 4.32 (a) shows the cyclic voltammogram of the HDT-Pt nanoparticle film 
assembled on QCM in a KOH solution with (dashed line) and without (solid line) 
methanol. In order to ascertain the accuracy of the electrochemical data, freshly 
prepared self-assembled Pt nanoparticles film was used in each electrochemical run, 
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with mass loading of 170 ± 20 ng. In the methanol- free KOH electrolyte, a very broad 
anodic peak and a sharp cathodic peak were observed at 0.3-0.5 V and ~0.1 V 
respectively. These peaks were again assigned to the oxidation and reduction of the 
Au electrodes from electrolyte penetration through the “free-passage” in the Pt 
nanoparticle layers [80]. Oxidation of platinum, which requires a more positive 
potential, was kept to a minimum and was confirmed by XPS measurements (to be 
discussed later). 
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Figure 4.32 (c) The charge curves; and (d) the mass curves from EQCM analysis of 
the HDT-Pt nanoparticle films in 0.5 M KOH electrolyte with (dashed lines) and 
without (solid lines) methanol. Potential was scanned between 0-0.8 V at 50 mV/s. 
Data of (c) and (d) were from the 10th cycle. 
 




In the presence of methanol, only oxidation of Au electrode was found between 
0.3~0.5 V in the first cyclic voltammogram scan; and the lack of other oxidation 
reactions persisted up to the third cycle. A new anodic peak appeared at 0.26 V after 3 
cycles, suggesting the initiation of methanol oxidation reactions. The peak current 
density continued to increase with cycling, and was finally stabilized after 6 cycles 
(Figure 4.32 (b)). The onset of the methanol oxidation reaction is likely associated 
with the breakthrough in the HDT encapsulation shell as a result of thiolate 
reorganization or thiolate partial desorption from the Pt nanoparticle surface by 
repeated cyclic voltammetric runs (see XPS results below). To confirm this, a freshly 
prepared self-assembled Pt nanoparticles film was cycled in methanol- free solution 
for 6 cycles, and then transferred to the methanol solution to continue the potential 
cycling. It was observed that a steady state response could be established immediately 
in one cycle in the methanol solution, with stabilized anodic peak at 0.26 V. These 
results indicate that the organic shell was unstable to potential cycling, and was 
progressively “stripped” in the first few cyclic voltammetric scans to “condition” the 
film for improved electrolyte penetration to the metal nanoparticle surface. The results 
were in agreement with a previous observation by Zhong et al [80]. At potentials > 
0.6 V, oxygen began to evolve and the current density increased monotonically up to 
the experimental potential limit (0.8 V).  
 
The voltammetric trace was featureless in the reverse cathodic scan until E < 0.3 V. 
No distinctive anodic peak was found above 0.3 V as it often does in methanol 
oxidation reaction over carbon-supported Pt catalysts [3]. It was initially assume that 
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the disappearance of the anodic peak in reverse scan was due to better or complete 
oxidation of methanol to carbon dioxide. However, based on XPS results, 
carbonaceous species was clearly present. Hence, investigation on the issue should be 
carried out in future. The atypical cathodic peak at around 0.1 V could be attributed to 
the reduction of gold oxide from metal film crevices and pores.  
 
Figure 4.32 (c) shows the corresponding charge-potential curves for the self-
assembled HDT-Pt nanoparticle film. For voltammetry in the absence of methanol, 
charge was relatively constant between 0-0.3 V, and increased slowly at higher 
potentials (E > 0.3 V). We attributed this charge release to gold oxidation and oxygen 
evolution. In the presence of methanol, however, charge release was detected as early 
as 0 V, and continued to increase steadily up to 0.4 V. The significant increase in the 
charge release region between 0-0.4 V was evidently the result of methanol oxidation 
on the HDT-Pt nanoparticles film.  
 
In the corresponding mass-potential curves (Figure 4.32 (d)), the overall mass change 
that occurred during the cyclic voltammetric scan could arise from four different 
sources, i.e., methanol oxidation (in methanol electrolyte only), oxidation of gold, 
oxygen evolution and reduction of gold. 
 
The mass change in methanol-containing electrolyte experienced a more significant 
increase during the positive scan than in the methanol- free electrolyte. This 
noteworthy mass increase is reflective of methanol dehydrogenation and strong 
chemisorption of methanollic residues. At increasingly more positive potentials for 
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both electrolytes, the mass increase came mainly from gold oxidation (at ~0.3 V), 
adsorption of anions and water, and oxygen evolution on Pt (E > 0.6 V) [95]. In the 
reverse cathodic scan, the mass change between 0.8-0.14 V was relatively 
insignificant. The sudden mass reduction at E < 0.14 V indicates the reduction of gold 
oxide of Au substrate through the free-passage in the nanoparticle film. For the 
methanol containing electrolyte, the mass decrease in this region almost doubled that 
of the methanol- free electrolyte. The additional mass decrease was contributed by 
desorption of methanol from the Pt nanoparticle film [93].  
 
Comparing the methanol electrooxidation behavior of the Au-only QCM and Au 
QCM covered with a assembled HDT-Pt nanoparticle film, we concluded that the 
anodic peak observed within the potential range 0-0.4 V was due to methanol 
oxidation catalyzed by the HDT-Pt nanoparticle film.  
 
Since the DDT-Pt nanoparticles could non-specially adsorb on Au leading to 39 ng of 
mass uptake, it would be of interest to know whether this would result in measurable 
catalytic activity differences between the two. In the voltammogram of Figure 4.33 (a), 
the DDT-Pt film also displayed an anodic peak (methanol oxidation peak) at ~0.26 V 
only after 6 cycles. However, the anodic current density for DDT-Pt was 50% of that 
obtainable from the HDT-Pt nanoparticle film. 
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Figure 4.33 Comparison of (a) cyclic voltammetric, (b) chronoamperometric profiles 
of HDT-Pt and DDT-Pt in 0.5 M KOH, 2 M CH3OH electrolytes. 
 
A similar trend was also observed by chronoamperometry (Figure 4.33 (b)) where a 
potential step (0.2 V) was applied to the electrode for over an hour. After 1 hour, 
when steady state was well-established, the current density from the HDT-Pt 
nanoparticle film remained 60% higher than that from the DDT-Pt film.  The 
enhanced catalytic response provided by the HDT-Pt nanoparticle film was probably 
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related to the larger amount  of Pt surface atoms available for methanol oxidation 
reaction. The increased current density response was not directly proportional to the 
amount of Pt nanoparticles deposited. It is speculated that a large number of Pt 
nanoparticles in the “interior” of the HDT-Pt nanoparticle film were perhaps 
extensively passivated by thiolation, and were therefore not accessible for catalysis. 
The exact reason for this deviation from expectation should be investigated in future 
work. 
 
4.3.2.1 Effect of methanol concentration  
Figure 4.34 (a) shows voltammograms obtained from methanol of various 
concentrations (0.5 M to 8 M) in 0.5 M KOH, which were used to determine the 
optimum methanol concentration to use, and the reaction order of methanol oxidation 
on Pt nanoparticle film. 
 
For electrolytes of different methanol concentrations, a significant peak due to 
methanol oxidation was developed in the anodic scan at 0.26 V after 3 cycles. The 
peak current density increased with increasing methanol concentration.  
 
The cathodic peak of gold oxide reduction during reverse scan was found to be 
suppressed by methanol concentrations >2 M. This could be due to the deposition of 
carbonaceous species produced during methanol oxidation. The chemisorption of 
carbonaceous species on platinum surface was so severe that the accessibility of 
electrolyte to Au oxide and the reduction of Au oxide to Au were hindered. 
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Figure 4.34 (a) Comparison of cyclic voltammograms; (b) Plot of accumulated mass 
gain by Pt nanoparticles film in the first 5 cycle of methanol oxidation reaction in 
cyclic voltammetric test. Electrolyte: 0.5 M KOH solution. HDT-stabilized Pt 
nanoparticles film loading: 170±20 ng; scan rate: 50mV/s. 
 
The above finding was further corroborated by measurements of accumulated mass 
changes (Figure 4.34(b)) during the electrochemical reactions. In a complete potential 
scan (from 0-0.8V), a net mass gain of 1.6~6.4 ng per cycle was usually picked up 
when the methanol concentration was between 0.5 M ~ 4 M. However, an 
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exceptionally high net mass increase of 13.8 ng per cycle was recorded when 8 M 
methanol in 0.5 M KOH was used as the electrolyte. This is taken as evidence of 
excessive carbonaceous species build up on the catalysts surface at the high end of 
methanol concentrations. 




















Figure 4.35 Log (C) versus log (If) plot yielding in a reaction order of 0.92 with 
respect to methanol concentration. The reaction order was ~0.5 higher than that for 
methanol oxidation on conventional carbon supported catalysts. 
 
From equation 4.5 and 4.6 (see section 4.2.3.3), the reaction order of methanol 
oxidation reaction on nanoparticles film was determined. The log [If] versus log [C] 
plot (Figure 4.35) yielded a straight line with a slope of 0.92, which is the reaction 
order. The reaction order is about twice the value (0.5) reported by Bagotzky and co-
workers [88] for methanol oxidation on carbon-supported Pt catalysts. The reaction 
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4.3.2.2 Effect of nanoparticles size on methanol oxidation reaction 
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Figure 4.36 Comparison of (a) cyclic voltammetric and (b) chronoamperometric 
profiles of 2.5 nm and 5 nm self-assembled HDT-Pt particles in 0.5 M KOH, 2 M 
CH3OH. 
 
Figure 4.36 (a) shows the cyclic voltammograms of methanol oxidation on 2.5 nm 
and 5.0 nm Pt nanoparticles on the Au electrode. With a 50% reduction in the 
diameters and 4 fold increase in surface area, of the Pt nanoparticles, the 
electrochemical activity increased 3 fold from 6.3x10-5 A/mg HDT-Pt (for 5.0 nm) to 
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2.0x10-4 A/mg HDT-Pt (for 2.5 nm) for a controlled mass loading of 170 ± 20 ng of 
HDT-stabilized Pt nanoparticles on Au. 
 
The chronoamperometric results (Figure 4.36 (b)) are in general agreement with the 
cyclic voltammograms. The steady state current density for the 2.5 nm nanoparticles 
was almost double that of the 5 nm particles, at 2.2x10-5 A/mg HDT-Pt after 1 h of 
biasing at 0.2 V. The doubling in rate is about 50% less than the 4-fold increase 
expected from surface area consideration.  
 
The cyclic voltammetric and chronoamperometric results confirmed the advantage of 
smaller particles in providing a higher surface area for methanol activation on the 
gravimetric basis. However, the intrinsic CO tolerance of the Pt nanoparticles was 
basically size independent, and hence the addition of a second metal to Pt remains to 
be the most effective way of abating catalysts deactivation.  
 
4.3.2.3 The Ru alloying effect on methanol oxidation reaction 
Methanol oxidation on Pt and PtRu alloy nanoparticle films was characterized by 
cyclic voltammetry and chronoamperometry in 0.5 M KOH, 2 M CH3OH. All 
reported voltammetric features were obtained from the fifteenth cycle, where steady 
state response was established. As stated previously in section 4.1.2.5, PtRu alloys of 
different Pt to Ru mole ratios were used in the comparative tests. 
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Figure 4.37 Comparison of (a) cyclic voltammetric and (b) chronoamperometric 
profile for Pt and PtRu alloy nanoparticles in 0.5 M KOH, 2 M CH3OH. 
 
The voltammograms in Figure 4.37 (a) show no distinctive features that differentiate 
the PtRu particles from the Pt nanoparticles. There was the anodic peak at ~0.26 V in 
the forward scan and the cathodic peak at ~0.14 V in the reverse scan. The alloying 
effect due to ruthenium mainly manifested itself as an earlier onset potential for 
methanol oxidation. The onset potentials (1.2x10-4 A/mg HDT-Pt as onset benchmark) 
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for methanol oxidation fall in the following order: Pt52Ru48 (0.034 V) < Pt85Ru15 
(0.098 V)< Pt (0.110 V), Pt23Ru77 (0.110 V) < Pt72Ru28 (0.120 V). The onset potential 
for Pt52Ru48 was 0.076 V more negative than that for Pt. The observation was in good 
agreement with the results of PtRu/C catalysts. 
 
Chronoamperometry (Figure 4.37 (b)) offers a straight forward means to compare the 
CO tolerance of the catalysts as a function of the alloy composition. When steady 
state was established, the current density of Pt85Ru15 and Pt23Ru77 nanoparticles were 
found worse than pure Pt, indicating that these alloy compositions were ineffectual in 
overcoming catalyst deactivation. On the contrary, the Pt52Ru48 and Pt72Ru28 
nanoparticle film maintained higher catalytic current density relative to Pt and other 
alloys throughout the chronoamperometric runs. The current density of 2.75x10-5 
A/mg HDT-Pt (for Pt72Ru28) and 2.5x10-5 A/mg HDT-Pt (for Pt52Ru48) at steady state 
was at least 30% higher than Pt and other PtRu alloy nanoparticle films, probably due 
to ‘bi- functional mechanism’ (as discussed in section 4.2.3.4).  
 
Based on the comparisons of onset potentials, anodic peak current densities in the 
forward scan, and the chronoamperometric response; it is concluded that Pt52Ru48 is 
the best optimal alloy composition to be used for catalysis reaction of methanol 
oxidation. This result suggests that in the presence of ~50 % (atomic) ruthenium in 
PtRu alloy, ruthenium can more effectively facilitate the oxidation of strongly 
adsorbed carbonaceous species by supplying more oxygen atoms at an adjacent 
surface site than that of pure platinum.  
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4.3.3 XPS characterizations 
X-ray photoelectron spectroscopy (XPS) was used to determine the surface 
composition of the HDT-Pt nanoparticle film before and after methanol oxidation. 
Narrow scan spectra of S 2p, O 1s, Pt 4f regions and broader scan spectra of Au 4f 
and C 1s regions were presented from Figure 4.38 to Figure 4.40. 















































Figure 4.38 S 2p and O 1s XPS spectra of HDT-Pt nanoparticle film on Au electrodes, 
before (a) and after (b) methanol oxidation reaction. 
 
The S 2p region for the HDT-Pt nanoparticle film was characterized by a doublet 
between 158 and 172 eV, arising from spin-orbital coupling (2p 3/2 and 2p 1/2). The 2p 
3/2 (160.7 eV) and 2p 1/2 (162.0 eV) sub-bands in the sample were presented in the 
ratio of 2:1. For thiolate groups bounded to a Pt surface, this spectral region exhibits a 
more intense 2p 3/2 band. On the other hand the 2p 1/2 signal indicates the presence of 
dangling –SH groups on the surface. The binding energy observed for the self-
assembled HDT-Pt nanoparticle films was 1.5~2.5 eV lower than the literature value 
[79]. The binding energy shift could be due to the attachment of the sulfur end groups 
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to the Pt surface [83]. This spectral difference could be used to identify the Pt-bound 
sulfur species. After methanol oxidation, the S 2p spectrum intensity was significantly 
lower, indicating the partial desorption of thiolate from the particle film, which is 
consistent with the EQCM measurements. 
 
The two distinctive peaks at 165.6 eV and 166.9 eV were attributed to the presence of 
sulfite species [79]. Their presence was confirmed both before and after methanol 
oxidation. The origin of sulfite in the self-assembled particle film is not known, but 
may be caused by thiolate oxidation by residual dissolved oxygen in the toluene 
solution.  
 
The O 1s spectrum of the as-prepared Pt nanoparticle film before methanol oxidation 
could be deconvoluted into two peaks at 529.2 eV and 530.0 eV, in the atomic ratio of 
65 % to 35 %. The more prominent peak was located at 529.2 eV, which suggests the 
presence of surface sulfite species. The second peak at 530.0 eV could be tentatively 
assigned to surface species from the Au electrode or impurity species on the Pt 
nanoparticles surface.  
 
After methanol oxidation, two new small bands at ~531.6 and 532.3 eV appeared 
which can be attributed to the formation of carbonaceous species and gold oxide or 
platinum oxide, respectively. The previous result suggested the formation of 
intermediate carbonaceous species as a side product of methanol oxidation reaction. 
Whereas the latter is in agreement with the significant increase in the proportion of 
gold oxide in the Au 4f spectrum (Figure 4.40) and the small increase of platinum 
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oxide in the Pt 4f spectrum after oxidation [79]. The significant decrease in the 529.2 
eV peak was due to the partial removal of thiol species [73] from the assembly system, 
which was also witnessed in S 2p region. 
7 8 7 6 7 4 7 2 7 0 6 8
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Figure 4.39 Pt 4f XPS spectra of HDT-Pt nanoparticles assembled on Au electrodes, 
before (a) and after (b) methanol oxidation reaction. 
 
The Pt 4f region shows two doublets of platinum species from the spin-orbital 
splitting of the 4f 7/2 and 4f 5/2 states (Figure 4.39). Similar to the S 2p spectrum, the 
binding energies for Pt 4f were lower than the literature values because of the strong 
interaction between the thiolate group and the Pt nanoparticle surface. The main 
doublet at 69.0 eV and 72.3 eV (in the peak area ratio of 4:3) was a feature of Pt 4f 7/2, 
and indicates the presence of metallic platinum, Pt (0).  
 
The smaller doublet due to Pt 4f 5/2 was detected at 70.0 eV and 73.3 eV, indicating 
the presence of higher oxidation states of Pt in the sample during synthesis (this was 
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also evident in the O 1s spectrum). The respective proportions of as-synthesized Pt (0) 
and Pt (IV) were 83% and 17% respectively.  
 
After methanol oxidation, the entire Pt 4f spectrum shifted by 2.5 eV to higher 
binding energies, implying the partial removal of the thiolate groups from the surface 
of the Pt nanoparticles. The atomic percentage of Pt 4f 7/2 versus Pt 4f 5/2 was 79 %: 
21 %, respectively, indicating the formation of small amount of PtO2 during methanol 












































Figure 4.40 Au 4f and C 1s XPS spectra of HDT-Pt nanoparticles assembled on Au 
electrodes, before (a) and after (b) methanol oxidation reaction. 
 
In the Au 4f region (Figure 4.40), three major differences before and after methanol 
oxidation were observed: (1) the entire spectrum before electrochemistry was ~2.0 eV 
lower than that of after electrochemistry test, due to chemisorption of thiol linker on 
its surface, (2) the overall band intensity before electrochemistry test was only 16% 
(atomic) of that after electrochemistry one, indicating large gold surface was covered 
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with HDT-nanoparticles, (3) after electrochemistry, 14% (atomic) of the gold surface 
was found to be oxidized to Au oxide (e.g., Au2O3, Au(OH)x).  
 
The C 1s spectra of Pt nanoparticles film before and after electrochemistry were 
compared (Figure 4.40). Two bands were observed in particle film before 
electrochemistry test, which would be attributed to the presence of CH2 and C-S 
compound (atomic ratio of 66% versus 35%) in hexanedithiol. The overall bands of 
hexanedithiol (HDT) shifted 2.5 eV to higher binding energy, as also observed in S 2p, 
O 1s, Pt 4f and Au 4f. After methanol oxidation reaction, additional two bands at 
higher binding energy of 292.0 and 294.9 eV. These bands would be due to the 
accumulation of carbonaceous species on surface of platinum particle. 
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CHAPTER 5 CONCLUSION 
This study shows that microwave dielectric heating is a rapid and efficient method for 
producing monodispersed and nearly spherical Pt and PtRu nanoparticles. By means 
of a simple phase transfer technique, the nanoparticles were transferred from ethylene 
glycol to toluene, where the nanoparticles were capped with alkanethiol to form a 
stable core-shell structure. The preparation method is simple, fast and energy efficient, 
and can be used as a general method of preparation for other metal and alloy colloids 
so long as the metal precursors are susceptive to the polyol process. The Pt and PtRu 
particles prepared this way were nanosized and had relatively narrow size 
distributions. Particle size ranging from 1.9±0.4 nm up to 7.4±0.9 nm could be 
obtained by adjusting the metal precursor pH, the metal precursor concentration, and 
the microwave heating time. XPS analysis revealed the attachment of the sulfur ends 
of the thiol groups to the surface of Pt and PtRu nanoparticle. The metal nanoparticles 
were mostly Pt (0) and Ru (0), with some presence of Pt (IV) and Ru (IV).  
 
The as-synthesized Pt and PtRu alloy nanoparticles could be easily dispersed on 
Vulcan XC-72 carbon, which was introduced to the toluene solution during the phase 
transfer step. The stabilizing agent of dodecanethiol on the nanoparticles could be 
easily removed by thermal treatment in Argon, transforming the as-synthesized Pt and 
PtRu alloy nanoparticles into active catalysts for methanol electrooxidation. The 
particle size was nearly unchanged by the thermal treatment, indicating indirectly the 
substrate stabilization effect of the carbon support. XPS analysis revealed almost 
complete removed of the thiol species after the thermal treatment, and the formation 
of some sulfites in the process. XRD analysis showed that the as-synthesized Pt 
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already had considerably crystallinity before the heat treatment, which was further 
refined by the heat treatment  All PtRu/C catalysts (except Pt23Ru77) displayed the 
characteristic diffraction peaks of the Pt f.c.c. structure, but the 2q values were all 
shifted to slightly higher values. All catalysts were active in the room temperature 
electrooxidation of methanol (except Pt23Ru77/C), especially the bimetallic alloy 
system of Pt52Ru48, which was more active than the Pt-only catalyst and was less 
susceptive to methanol residue deactivation.  
 
An exchange reaction involving a dithiol was used to crosslink the nanoparticles and 
to self assembles the nanoparticles into nanoparticle films on Au electrodes. EQCM 
was used to measure the catalytic activities and frequency changes in the Pt and PtRu 
nanoparticle films. Both Pt and PtRu nanoparticle films demonstrated high catalytic 
activity in room temperature methanol oxidation under alkaline conditions, with 
Pt52Ru48 displayed the best catalytic activity.  
 
However, in this thesis project, it is not possible to compare the catalytic performance 
between the carbon supported and unsupported system, considering the differences in 
electrolyte used and the presence of organic ligands in the latter system, which may 
partially passivated the electrocatalytic properties of the catalysts. While the 
conventional carbon supported catalysts in section 4.2 are more applicable and 
practical to fuel cell system; the unsupported catalysts based on assembly on suitable 
substrate (section 4.3) is attractive and has a great potential as the technology 
platforms for the investigation of micro or nano scale fuel cell system. 
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